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Abstract

The minimum k-cut problem asks for the fewest edges whose removal leaves an input graph with at
least k connected components. Previously, the best algorithm for simple graphs ran in Oy (n<1_€)k+o(1))
time [HL22], showing that the n® barrier can be broken up to a polynomial overhead.

We give the first Ok(an)-time algorithm for Minimum k-Cut on simple graphs for an absolute constant
¢ < 1. More precisely, the running times are O(n?) for k = 3, O(n°*/'%) for k = 4, and O(n*'12°°7) for
k = 5; for every k > 6, the running time is

k—1.749614
kO(kz)nlJr(kaG)W (log n)O(k?)7
whose exponent is Sk — 0.132...+ O(1/k).
The algorithm combines three ingredients. First, for weighted Minimum k-Cut we give a randomized

ko(kz)nk_Q(m +n)log®(n)

-time algorithm: it perturbs the edge weights so that any minimum k-cut has a side with boundary
strictly smaller than average. These then cut few edges of some tree in a logarithmic-size sample from a
tree packing with high probability. After we enumerate them, we recursively compute (k — 1)-cuts to
complete them to the k-cuts of which they were a part. A variant of the perturbation and processing
the entire packing support give a deterministic kO k0 _time variant. Second, for cut size s, we
give an improved FPT algorithm using a near-linear-time construction of an (O(slog?®nloglogn), s)
edge-unbreakable tree decomposition with O(s log? nlog log n) adhesion; this also gives a near-linear-time
approximation algorithm for Minimum k-Cut. Third, we refine the border/island framework of [HL22],
using rectangular matrix multiplication to recover singleton islands and balancing it against the improved
FPT algorithm.
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1 Introduction

The Minimum k-Cut problem asks for the minimum number of edges whose removal leaves at least k connected
components. We write A\, (G) for this optimum value. The case k = 2 is the global minimum cut problem,
which admits near-linear-time algorithms [Kar00]. For fixed k, the first polynomial-time algorithm was
due to Goldschmidt and Hochbaum [GH94], with running time n®**). Karger and Stein [KS96] later gave

2k=2) time, and Thorup [Tho08] gave a deterministic

a randomized contraction algorithm running in 6(n
tree-packing algorithm which runs in 6(n2k)

A sequence of recent works on the structure and enumeration of near-minimum k-cuts [GLL18, GLL19,
Li19] led to the algorithm of [GHLL21]. They showed that all k-cuts of value at most S\ can be enumerated
in time n”*(log n)o(ﬂk2) with high probability. In particular, setting § = 1 gives an algorithm for Minimum
k-Cut in time n*(logn)O**). For weighted graphs, a lower bound of Q(nk=1-0(1)
clique hardness conjectures [GHLL21, HL22].

For simple unweighted graphs, however, the n* barrier is not the end of the story. He and Li [HL.22]
showed that one can break this barrier by combining a border-preserving version of the Kawarabayashi—
Thorup sparsification framework [iKT18, Li19] with matrix-multiplication methods for recovering singleton
components. Their framework separates the simple unweighted case from the weighted case: after a border-
preserving sparsification, the remaining difficulty is split between finding a low-value residual border and
recovering the singleton “islands” of the cut. The latter task has a clique-like complexity resulting from fast
matrix multiplication. _

Our first contribution is a sparse-graph algorithm for weighted Min k-Cut, running in time Oy (n*~2(m+n)).
For sparse graphs, this matches the Q(n*~'=°()) lower bound under standard clique hardness conjectures
[GHLL21, HL22]. We remark that a companion paper [Vau26] gives a deterministic Oy, (n*~1)-time algorithm,
but the speedup is significantly more technical and is unnecessary for our main result on simple graphs.

The algorithm uses a recursive strategy. After a small random perturbation of the capacities, some side
of an optimum k-cut has boundary strictly below 2\ /k, which we call a strict-light side. By a theorem of
[GHLL21], the number of 2-cuts with boundary strictly below 2\ /k is at most k°*)n. We remark that the
statement is false if strictness is removed: an unweighted cycle has (g) many 2-cuts of size exactly 2\ /k = 2.
Observe that any optimal k-cut of an unweighted cycle also has no strict-light side, which explains why
perturbation is necessary to guarantee strict-light sides.

We compute an approximate solution to the dual k-cut LP and sample O(k®logn) spanning trees from
its packing with probability proportional to weight. Every strict-light side is (k — 1)-respected by a sampled
tree with probability Q(1/k). For each sampled tree, we enumerate the rooted cuts crossing at most k& — 1
tree edges and retain only the k©®)n lightest distinct cuts. The strict-light counting bound guarantees that
no strict-light side is discarded. We then evaluate the retained candidates by recursive Minimum (k — 1)-Cut
calls on their two sides.

is known under standard

Theorem 1 (Informal). For every k > 2, weighted Min k-Cut on an n-vertex, m-edge weighted graph can be
solved with high probability in time
2
ECFInk=2(m 4 n)log®(n)

This weighted algorithm is used later on the contracted multigraph produced by border-preserving
sparsification. In the no-island case, the optimum simple graph cut is represented as an ordinary weighted
k-cut of the contracted graph, so the weighted algorithm replaces enumeration of all k-cut borders.

A deterministic version of the algorithm replaces the random perturbation by a lexicographic perturbation
based on the incidence vectors of the cuts and processes every tree in the support of the same approximate
packing instead of sampling from it. The packing averaging argument guarantees that at least one support
tree respects the required strict-light side. This gives the following polynomial-overhead deterministic result.

Theorem 2 (Informal). For every k > 2, weighted Min k-Cut on an n-vertex, m-edge weighted graph can be

solved deterministically in time
kO(kQ)nk+O(1).



The next ingredient is a faster exact algorithm when the cut value Ay is small. The approach of Lokshtanov,
Saurabh, and Surianarayanan [LSS22] gives such an FPT algorithm using edge-unbreakable decompositions.
Informally, a bag is (g, s)-edge-unbreakable if every cut of size at most s leaves at most ¢ bag vertices on one
side or the other. This property is useful for dynamic programming: in every bag and every small cut, all but
one part are forced to be small. However, the edge-unbreakable decomposition of [LSS22] has unbreakability
parameter ((s + 1)%,5s) and polynomial construction time and depth. We replace it by a near-linear-time
construction with nearly linear dependence on s.

Theorem 3 (Informal). For every s, there is a randomized algorithm which, with high probability, computes
a compact tree decomposition of G whose bags are

(O(slog® nloglogn), s)-edge-unbreakable,

whose adhesions have size
O(slog® nloglogn),

and whose depth is O(logn). The running time is O(m + sn).

Reference Time Unbreakability = Adhesion Depth Subtree? Vertex or edge
[CLPT19] 206" ) n2m, (2005) ) 20(s) n Yes Vertex
[CKL™21] 20(slog 5),, O(1) (1,9) Vi < s s n No Vertex
[LSS22) nO®) ((s+1)°,s) s n No Edge
[ILSS23] 20(slogs) pO(1) (9s, 5) 85 O(logn) No Vertex
[ALL"25] 20(les plte  ((2[1]1+3)s,5)  (2[2]1+2)s O(flogn) Yes Vertex
[ALL*25] 20(¢ log &)y 1+e (O(s/e), s) O(s/e) O(logn) Yes Vertex
[Kor25] sOG"n + O(m) (i,i)Vi<s s n No Vertex
Theorem 35 O(m + sn) (s1og® M n, s) slog®Mn O(logn) No Edge

Table 1: Comparison of unbreakable tree decompositions. “Subtree?” refers to Definition 25. The slogo(l) n
terms in our row are O(slog® nloglogn) specifically.

Using this decomposition, we improve the FPT algorithm of [LSS22] for Minimum k-Cut parameterized
by the cut value. We first sample a spanning tree that 2k — 2-respects an optimum k-cut, using approximate
dual tree packings. For a fixed respecting tree, the dynamic program only needs to consider partitions that
cut at most 2k — 2 tree edges. Large bags are handled by a two-level argument: first we guess the projected
tree edges cut by the optimum transition, and then we guess the small components relevant to the non-giant
sides of the cut. The resulting structure lets each transition be evaluated by a collection of small dynamic
programs. Randomizing these guessing steps, together with the improved unbreakability parameter, gives the
following bound. We remark that the exponent 6k — 6 is important and dictates the final running time of our
Minimum k-Cut algorithm.

Theorem 4 (Informal). Given a graph G with m edges, an integer s > A\p(G), and a compact tree decom-
position whose adhesions have size O(A) and whose bags are (O(A), s)-edge-unbreakable, with no redundant
bags, Minimum k-Cut can be solved with high probability in time

O(m + kO Ak =6y),
In particular, for the decomposition above, where A = O(s 1og2 nloglogn), this is

O(m) + O k) g8k—0yy 1og 1 2k+0(1) n(loglogn)®* =S,



This FPT algorithm also gives a near-linear approximation algorithm for Ag. Following the sampling
framework of [L.SS22], we first remove very small 2-cuts and then sample edges independently. With high
probability the sampled graph has

M = O(klogn/é®),

and solving it exactly gives a (1 + €)-approximation in the original graph.

Theorem 5 (Informal). For every 0 < e < 1, there is a randomized algorithm which, given an unweighted
multigraph G = (V, E), computes a (1 + €)-approzimation to \;(G) with high probability in time

O(k°Wm) + (k/e)°*nlog" M n(loglogn)*~C,

provided et < n°M . More generally, the running time is
_ AN
O(k°Wm) 4 kO® (3> n log"®* =18 1 (log log n)%¢—¢ 1ogo(1)(k(n +e 1)
€

Finally, we combine the weighted sparse-graph algorithm, the approximation and FPT algorithm, and a
refined version of the border/island framework of [HL22|. The algorithm first computes a constant-factor
estimate s = ©(\g). If s is small, we run the FPT algorithm. Otherwise, we apply border-preserving
sparsification, obtaining an NI certificate H, a partition P, and a contracted weighted multigraph G’ with
only O(n/s) vertices. Every optimum cut has a low-weight border respected by P. This means that every
optimal cut can combine some of its singletons with its other sides and then respect P, thereby surviving in
G'.

The algorithm then guesses the number i of singleton islands. If ¢ = 0, the entire optimum cut is
represented inside G’, and we solve the corresponding weighted Min k-Cut instance on G'. If i > 0, we
enumerate the (k — ¢)-cut border in G’, lift it, and complete it by extracting the best ¢ singleton islands. The
cases 7 = 1,2 are handled by specialized routines; the cases 7 > 3 are handled using minimum vertex-weighted
triangle routines and rectangular matrix multiplication.

Theorem 6 (Informal). Minimum 3-Cut on simple unweighted n-vertex graphs can be solved with high
probability in time _
O(n?).
Minimum 4-Cut on simple unweighted n-vertex graphs can be solved with high probability in time
6(n55/19)'
Minimum 5-Cut on simple unweighted n-vertex graphs can be solved with high probability in time

6(714'112007).

For every k > 6, Minimum k-Cut on simple unweighted n-vertex graphs can be solved with high probability in
time

EO(K?) , 1+(6k—6) F= AR (log n)O(k2)_

The exponent for k£ > 6 comes from balancing the FPT branch

n86k76

against the four-island branch after sparsification. The balance gives

k —1.749614
Ek:1+(6k—6)%:gk—0.132...+0(1/k).



The following table lists representative exponents proved here.

Bl

Exponent proved here
2
55/19 =2 2.89474
< 4.112007
< 4.984737
< 5.846511
< 6.706875
< 8.425348
< 17.004185

00 O U W
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2 Preliminaries

We use 5() to suppress factors polylogarithmic in n and s. All graphs are finite undirected multigraphs
unless explicitly stated otherwise. Self-loops are ignored, since they do not cross any cut. A graph is simple if
it is unweighted and has at most one edge between any pair of vertices.

Basic graph notation. For a weighted graph Q@ = (V(Q), E(Q),¢) and X C V(Q), let

Io(X) :={w € E(Q) : {u,v} N X| =1}, co(X) = Z c(e).

e€dq (X)

All weighted graphs in the algorithms have nonnegative polynomial-bit integer capacities. For disjoint vertex
sets A,BCV, let
Eq¢(A,B):={uw e E:ue A, ve B}

For X C V, write
Eq¢(X)={we FE:u,ve X}

For a vertex v, we abbreviate Eg(v, X) := Eqg({v}, X). For an edge set F' C E(G), let Endg(F) be the set
of endpoints of the edges in F, and let V(F') be the set of vertices incident with edges of F.
For X CV(G), let
Ng(X) :={v e V(G)\ X : v has a neighbor in X}.

Cuts and partitions. For a partition II of a vertex set X, define its crossing edge set by
0g(IT) := {uv € E(G) : u and v lie in different parts of IT}.

The value of IT in an unweighted graph is |0¢(IT)|; in a weighted graph it is the total weight of d¢ (IT).
For a partition II of a set X and a subset Y C X, let

My :={PNY:Pell, PNY #0}

be the partition of Y induced by II. A partition II refines a partition II’ if every part of II is contained in a
part of II'; equivalently, II’ is a coarsening of II.
A family £ of vertex subsets is laminar if for every A, B € L, either

ANB =10, AC B, or B C A.

Definition 7 (s-cut). An s-cut in a graph G is a bipartition (A, V(G) \ A) whose crossing edge set has size
at most s, i.e.

[0c(A4)] < s.



3 Weighted Minimum k-Cut for Sparse Graphs

We give randomized and deterministic versions of the same recursive algorithm. Both compute an approximate
solution to the dual k-cut LP, viewed as a weighted packing of spanning trees. The randomized algorithm
samples a logarithmic number of trees from the packing with probability proportional to weight, whereas the
deterministic algorithm processes every tree in its support. Once a suitable tree is found, both algorithms
enumerate its respecting cuts by choosing their crossing tree edges, evaluate them using orthogonal range
sums, and recursively separate the remaining k£ — 1 parts.

The other difference is the perturbation. The randomized algorithm uses small independent perturbations
to ensure with high probability that an optimum k-cut has a strict-light side. The deterministic algorithm
uses a lexicographic perturbation based on the cuts themselves with the same property. Thus all of the
structural and recursive arguments are shared by the two algorithms.

Throughout, capacities are nonnegative integers of polynomial bit length. For a top-level randomized call,
let N and K denote its number of vertices and its parameter. Every recursive call retains N, K solely as
amplification parameters; its local order and parameter are denoted by n, k. All randomized primitives are
amplified to failure probability at most N-E?) At the top level, of course, N =n and K = k.

Definition 8 (Minimum k-Cut). A k-cut of a graph G = (V| E) is a partition of V into exactly k nonempty
parts. Its capacity is the total capacity of the edges whose endpoints lie in different parts. The Minimum
k-Cut problem asks for a k-cut of minimum capacity; its value is denoted by \;(G). We use the convention

A(F) =400 when |V(F)| < j.

Allowing at least k parts gives the same optimum for nonnegative capacities, since parts may be merged
without increasing the capacity.

Theorem 9 (Weighted global minimum cut [Kar00]). Let Q be an n-vertex, m-edge weighted graph. A
weighted global minimum cut can be found with high probability in

O(mlog®(n))
time.

Theorem 10 (Deterministic weighted global minimum cut [HLRW24]). A weighted global minimum cut can
be found deterministically in

O(m)
time.

Lemma 11 (Disconnected and zero-capacity cases). Let k > 3. Given algorithms for weighted Minimum
j-Cut for all 2 < j < k, one can either find a minimum k-cut or reduce to an instance whose positive-capacity
subgraph is connected. The reduction uses O(k?) recursive calls, where for each fived parameter the instances
are disjoint; summing over O(k) parameters is absorbed by k*), an O(k?)-time dynamic program, and
O(m + n) additional time.

Proof. Delete the zero-capacity edges and let C4,...,C} be the connected components of the remaining
graph. If A > k, any grouping into & nonempty unions of components gives a zero-capacity k-cut. If h =1,
the positive-capacity subgraph is connected.

It remains to consider 2 < h < k. A global k-cut may induce g, parts inside C, with )__ g, > k, because
one global part may meet several positive-capacity components. Nevertheless, some optimum satisfies

h
1<q,<k—h+1, > ta=k.
a=1

Indeed, starting from any optimum, repeatedly merge two induced parts inside one component while the
total number of induced parts exceeds k. Such a merge cannot increase the capacity. Once exactly k local
parts remain, make them the k distinct global parts.



For every a and every
2<p<min{k —h+1,|Cyl},

recursively compute A, (Q[C,]), and put A (Q[C,]) = 0. Every recursive parameter is at most k& — 1. The

optimum is therefore
h

it 2 o (QICED:
Za (Za:k a=1

Conversely, every solution to this minimization gives a valid global k-cut by taking its local parts as distinct
global parts. The stated dynamic program finds the minimum and the corresponding partition. For each
fixed p, the induced instances are vertex- and edge-disjoint. O

3.1 Tree Packings and Respecting Cuts

We first record the common ingredients. Both algorithms use the same deterministically constructed
approximate dual packing. The randomized algorithm samples a logarithmic number of records from its
normalized weights, whereas the deterministic algorithm processes the entire support. The latter has

O (mn~ 10g3(2n))
records.

Lemma 12 (Approximate dual tree packing [CQX19, Qua22]). Let F = (V, E,c) be a connected weighted
graph, put n = |V|, m = |E|, and let 2 < k <n. For every 0 < n < 1/2, one can deterministically compute
m

O(mn~? log3(2n))

time an implicit finitely supported family of nonnegative tree weights (yr) and nonnegative edge slacks (z.).
Writing
T = Z yr,
T
they satisfy

dyr<cle)+z (e€E), (1)

T>Se
A (F)

(k=1 =(1-n)—

+ z(E). (2)

The support has ‘
O(mn~? log3(2n))

records.
The records can be sampled with probabilities proportional to their weights. Given r sampled record indices,
their spanning-tree extensions can be materialized in

O (mn~? log®(2n) + n)
additional time. The entire support can likewise be streamed with O(n) output work per materialized tree.

Proof. Quanrud’s algorithm approximately solves the positive forest-packing dual

maXZ(U\ +k—n)ys subject to Zyj <cle) (e€ k),
J J3e



where J ranges over forests of F. After changing its internal accuracy by a constant factor, it returns a
feasible packing satisfying
Ak(F)

5

D (Il +k=n)ys > (1—n)OPTrp > (1—17)
J

For every support forest J, choose a spanning-tree extension T); O J, transfer the weight y; to Ty, and

define
Ze = Z YyJ.
J:e€T\J
Then
doyr= D vt Y <o)tz
TSe J:eedJ J:e€Ty\J
Moreover,

(k=1r—2(BE)=> (k=1=|Ty\J)ys=> (k—=1—(n—1-1J]))ys

J J
= S+ ks 2 0=

In Quanrud’s implementation, every inserted forest is a prefix of the current maintained minimum spanning
tree. We choose that tree as T;. Record the insertion index, prefix length, and inserted weight. Prefix sums
support weighted sampling of record indices. Because the packing algorithm is deterministic, sorting the
sampled indices and replaying its update sequence once reconstructs the corresponding MST states; writing
one tree explicitly costs O(n). The same replay streams the complete support. O

Lemma 13 (A sampled tree respects a light side). Use the approzimate packing in Lemma 12 with n = 1/100,
and sample T with probability yr /7. If A is a nontrivial cut satisfying

CF(A) < %)\k(F),

then
Pr{|or(A)| <k —1] >

= &[=

Proof. Write X := \(F), D := |o7(A)|, x := z(E)/\, and b := (
By (1) and (2),

-n)/2.

2/k+x
ED| < (k-1 . 3
D] < (b -2t 3)
Since T is spanning and A is nontrivial, D > 1. Thus

k — E[D]

<k-— >
Pr(D <k —1] > ~——

For k > 5, we have 2/k < b, so the ratio in (3) is at most one and the last display is at least 1/(k — 1). For
k =3 and k = 4, the ratio is maximized at x = 0, giving respectively

1-— 1-4
PrD<2> — 2 pp<g > 2
6(1 —m) 3(1 =)
For n = 1/100, all three bounds are at least 1/(4k). O

Fix a root r. A cut is rooted if its selected side does not contain r. If R is any rooted tree on the graph’s
vertex set, we say that a rooted cut S p-respects R when |[6z(S)| < p. The tree need not be a subgraph of
the graph in which the cut is evaluated.



Lemma 14 (Enumeration of respecting cuts). Let H = (W, E, ¢) be an n-vertex, m-edge weighted multigraph,
let R be an arbitrary rooted tree on W, and let p, M > 1. After

O((m 4+ n)log(2n))

preprocessing, one can enumerate every nonempty rooted cut S C W\ {r} with |6r(S)| < p, compute its
capacity, and return the M lightest such cuts in

PP log(2n)

additional time and
O((m+ n)log(2n) + pM)

space. Fach returned cut is represented by its at most p crossing tree edges.

Proof. Order W by a DFS traversal of R. For every non-loop edge uv € E(H), insert the two weighted points
(tin(u), tin(v)) and (tin(v), tin(u)).

A standard static two-dimensional orthogonal range-sum structure, as in the range-counting formulation of
[GMW20, Lemma 1], can be built in O((m + n)log(2n)) time and space and answers a rectangle query in
O(log(2n)) time.

For a tree edge f, let Ry be the rooted subtree below f. Every rooted cut has the unique representation

S= A Ry (4)
fESR(S)

Indeed, membership changes along a root-to-vertex path precisely at the crossing tree edges. Conversely, if
B C E(R), then ArepRy crosses exactly the edges in B. It therefore suffices to enumerate the sets

BCE(R), 1<|B/<p.

Each Ry is one DFS interval. Given ¢ := |B|, sort the 2¢ interval endpoints and sweep their parity. This
expresses both AyepRy and its complement as disjoint unions of at most ¢ + 1 intervals. Its capacity is
consequently the sum of at most (g + 1)? rectangle sums and is computed in p®™®) log(2n) time. Since

" n—1
Z( ) = poWn?,
q=1 q

the claimed enumeration bound follows.

Keep candidates in a buffer of size 2M. Whenever the buffer fills, use linear-time selection to retain its M
lightest members, breaking ties by a fixed order on their boundary-edge sets. A pruning costs O(M) and
occurs only after M new candidates have arrived, so the selection work is linear in the number of enumerated
cuts. O

Definition 15 (Canonical cut representative). For the fixed root r € V' and every nontrivial cut S C V, put

Y r¢s,
H(8) = {V\S, res.

Lemma 16 (Number of strict-light cuts). Let Q be a connected weighted graph. The number of cuts S C V(Q)
satisfying

al8) < TAu(Q)

is at most kO |V (Q)].

10



Proof. Gupta, Harris, Lee, and Li prove that there are fewer than 2¥~2 cuts of value below \;/(k — 1), and at
most k°*)n cuts in the remaining range below 2\, /k; see [GHLL21, Lemma 7 and Theorem 9]. The claim
follows. 0

Fix by, = k°®) for which the bound in Lemma 16 is at most byn, and write
Mk = bkn

for an n-vertex instance with parameter k.

3.2 Randomized Algorithm

We perturb the capacities independently in every recursive invocation. The ambient parameters N, K make
all isolation and sampling failures small enough to union-bound over the entire recursion.

Lemma 17 (Random perturbation for k-cut). Let Q = (V, E,c) be a connected positive-capacity graph with
n:=|V| >k > 3, after parallel edges have been aggregated. Set

R := NewoK’
for a sufficiently large absolute constant c¢is,, choose independent p(e) € [R], and define
B:=|E|R+1, c*(e) :== Be(e) + p(e).

With probability at least 1 — N*Q(KZ), every minimum k-cut of Q* = (V, E,¢*) is a minimum k-cut of Q,
and every minimum k-cut of Q* has a side A satisfying

o (4) < TM(@).

The perturbation adds O(K?1og(2N)) bits to every capacity.

Proof. For every F C E,
¢*(F) = Be(F) + p(F),  0< p(F) < B.

Thus perturbed capacities compare edge sets first by original capacity.

There are at most nFkO**) original minimum k-cuts by [GHLL21, Corollary 19]. Fix one, say (A, ..., Ag).
Connectivity implies dq(A;) # 0g(A;) for ¢ # j, since equality would leave A; U A; disconnected from all
other parts. Hence cg+(4;) = cg+(A;) is a nontrivial linear equation in the independent perturbations and
holds with probability at most 1/R. The choice of R, a union bound over all optimum cuts and all pairs of
their sides, and n < N, k < K, give the claimed failure probability.

For every optimum k-cut,

k
> e (Ai) = 20:(QY).
i=1
Once the side capacities are pairwise distinct, at least one is strictly below their average. O

Lemma 18 (Packed light-side candidates). Let Q be a connected positive-capacity n-vertex, m-edge graph
with parameter k > 3. With probability at least 1 — N*Q(KQ), one can construct a family F of at most M,
distinct canonical cuts containing the canonical representative of every strict-light cut of Q. The running
time s

KO k=2 (m 4 n)log® (2N).

11



Proof. Compute the approximate packing of Lemma 12 with n = 1/100, and independently sample
s := CK>log(2N)

support trees, for a sufficiently large constant C'. Sample all support-record indices first and materialize their
spanning-tree extensions at once, as guaranteed by Lemma 12. Root every sampled tree at the fixed vertex r.
By Lemma 13, a fixed strict-light cut is (k — 1)-respected by a sampled tree with probability at least 1/(4k).

=Q(K*) " A union bound over the at

Therefore the probability that none of the s trees respects it is at most NV
most M, strict-light cuts proves simultaneous coverage.

For every sampled tree, apply Lemma 14 with p = k£ — 1, retaining its M}, lightest rooted cuts. If the
rooted representative k(A) of a covered strict-light cut were discarded from its witnessing tree, that tree’s
local output would contain M}, distinct cuts of capacity at most cg(A). Together with x(A), this would
contradict Lemma 16. Thus every strict-light cut survives at least one local truncation.

Materialize the at most sMj, local survivors, orient them by x, and deduplicate them by radix sorting
their incidence vectors. Retain the M} lightest distinct cuts using the same linear-selection buffer. The
preceding counting argument also shows that no strict-light cut is lost in this final truncation.

The packing costs O(mlog®(2N)). The fixed-tree structures and enumerations cost
KO (m 4 n +n*~1) log(2n) log(2N).
Materializing the local survivors costs K9 )n?log(2N). Since
m+n+nkt SO(nk_Q(m—i—n)) (k > 3),

all terms are bounded by the claimed running time. O

Algorithm 1 WEIGHTEDKCUT(Q, k)

Input: An undirected capacitated multigraph @ and an integer 2 < k < |[V(Q)|
Output: A minimum k-cut of @

1: if Kk =2 then
2: | return a weighted global minimum cut using Theorem 9, amplifying success probability.
3: Apply Lemma 11; if it returns a cut, return it
4: Aggregate parallel edges and form Q* using Lemma 17
5: Construct F* from @Q* using Lemma 18
6: Phest < L
7. for all S € F* do
8: if |S| > k — 1 then
9: | Recursively compute a minimum (k — 1)-cut of Q*[S], add V(Q) \ S as one part, and update Ppest
10: if |[V(Q)\ S| >k —1 then
11: Recursively compute a minimum (k — 1)-cut of @*[V(Q)\ S], add S as one part, and update Phest
12: return P, interpreted in Q

Theorem 19 (Weighted Minimum k-Cut on Sparse Graphs). For every k > 2, Algorithm 1 returns a
minimum k-cut with high probability and runs in

o(m) + ko(kQ)nk’Q(m + n) log®(2n) (5)
time. On a connected positive-capacity instance this is

O(m) + ko(k(z)nkfzmlog?’@n).
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Proof. We prove correctness by induction on k. The case k = 2 is Theorem 9; Lemma 11 handles the
disconnected and zero-capacity cases. Thus assume that the positive-capacity graph is connected.

Condition on the success of the perturbation, packing, tree sampling, and recursive calls. By Lemma 17,
a minimum k-cut of @* has a strict-light side A. By Lemma 18, S := k(A) belongs to F*. If S = A, the
other k£ — 1 optimum parts lie in V'\ S; if S = V' \ A, they lie in S. The corresponding recursive call therefore
completes the candidate to a k-cut of value A (Q*). Every candidate constructed by the algorithm is a valid
k-cut, so the returned one is optimum for @Q*, and hence for Q.

It remains to prove the running time. Let L :=log(2N), and let T;(n, m) denote the worst-case time of a
local call with parameter j, excluding the one-time input scan. We claim

Tj(n,m) < Ajn?~2(m +n)L?,  A; = KOKD,

The base case follows from Theorem 9. For j > 3, candidate construction is covered by Lemma 18. There are
at most M; = j9Un candidates. For one candidate, let the two induced instances have orders nq,ns and
edge counts m1, ms. They satisfy n; + no = n and mq + ms < m, and hence

2
> nd(ma+na) < 077 m o+ ).

a=1
By induction, the two recursive completions for one candidate therefore cost at most
Aj_n? 73 (m +n)L3.
Constructing their induced graphs costs O(m + n). Multiplying by M; gives
Tj(n,m) < KO (A; 1 +1)n?~2(m 4 n) L.

Thus A; < KO (A;_; + 1), which yields Ax = KOK?),
For the disconnected reduction, fix a recursive parameter p < j. Its induced instances are vertex- and
edge-disjoint, so
D ICaP(IE(QICA))| + Cal) < nP72(m + n).

The O(j%) parameter—component calls and the composition dynamic program are absorbed into the same
bound.

Finally, the recursion contains at most K O(K*) NK=2 randomized invocations. By the amplification
convention, each fails with probability at most N (K 2); a union bound proves the high-probability claim.
The initial aggregation and zero-capacity scan take O(m) time. O

3.3 Deterministic Algorithm

The randomized algorithm has only two sources of randomness: the perturbation and the sampling of
trees from the packing. We remove the first using a different lexicographic perturbation and the second by
processing the entire support of the same approximate packing.

We first record the deterministic perturbation. Parallel edges are aggregated before it is applied.

Lemma 20 (Deterministic perturbation). Let Q = (V, E,c) be a connected positive-capacity graph with
n:=|V|>k>3 and m:=|E|. Order
E={ei,...,em},

set _
B :=2mt c*(e;) := Be(e;) + 27, (6)

and let Q* = (V, E, ¢*). Every minimum k-cut of Q* is a minimum k-cut of Q. Moreover, every minimum
k-cut of Q* has a side A satisfying

2
car(4) < (@),
If the original capacities have L bits, the perturbed capacities have O(L + m) bits.
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Proof. For every F C E,
H(F)=Be(F)+ Y 2, 0< ) 2°<B
e, €F e, €F

Thus ¢* compares edge sets first by their original capacities and then by their incidence vectors. In particular,
every perturbed optimum is an original optimum.
Let (A1,...,Ag) be any k-cut. For p # ¢, connectivity implies

3Q(Ap) # 6 (Ag)-

Indeed, equality would imply that no edge joins A, U A, to any of the other nonempty parts. Hence the
binary terms in the capacities

CQ~ (Al)ﬂ s CQF (Ak)

are pairwise distinct. For an optimum k-cut these capacities sum to 2A;(Q*), so one of them is strictly
smaller than their average. O

We define the deterministic algorithm by modifying Algorithm 1 as follows.

Algorithm 2 DETERMINISTICWEIGHTEDKCUT(Q, k)

Input: An undirected weighted multigraph @ and an integer 2 < k < |V(Q)]

Output: A minimum k-cut of @

: Run the recursive framework of Algorithm 1, with the following modifications

When k£ = 2, use Theorem 10

Replace the random perturbation by Lemma 20

Compute the packing of Lemma 12 deterministically with n = 1/100

Process every tree T in its support: apply Lemma 14 with p = k — 1, retaining the M} lightest rooted

cuts for T

6: Materialize the locally retained cuts, canonicalize and deduplicate them, and retain the M} lightest
distinct cuts overall

7: Complete these candidates recursively exactly as in Algorithm 1, using the deterministic algorithm in
every recursive call

Theorem 21 (Deterministic Weighted Minimum k-Cut). For every fizved k > 2, Algorithm 2 deterministically
returns a minimum k-cut. If the input capacities have L = n®W) bits, its running time is

O(m) + kOF Ipk+o),

Proof. We prove correctness by induction on k. The base case is Theorem 10 and Lemma 11 handles the
disconnected and zero-capacity cases. Thus consider a connected positive-capacity instance, after parallel
edges have been aggregated.

Form @Q* using Lemma 20. Let A be a strict-light side of a minimum k-cut of Q*, whose existence is
guaranteed by that lemma. Compute the approximate dual packing from Lemma 12. If a tree T is sampled
from its support with probability yr /7, then Lemma 13 gives

Prljop(A) <k —1] > — >0,
4k
Consequently, at least one tree in the support (k — 1)-respects A. Because the deterministic algorithm
processes the entire support, it processes such a tree.
For each support tree, the algorithm retains its M}, lightest rooted (k — 1)-respecting cuts. Suppose that
the rooted representative x(A) were discarded from a tree that respects it. That tree’s local list would then
contain M}, distinct cuts of capacity at most

g (4) < Q)
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Together with x(A), these would contradict Lemma 16. Thus x(A) survives some local truncation. The same
argument shows that it survives the final deduplication and global truncation to the M}, lightest distinct cuts.
When k(A) is evaluated, one of its two sides is the union of the other k — 1 parts of the optimum k-cut. By
induction, the corresponding recursive call finds a minimum (k — 1)-cut of that side and therefore completes
the candidate to a k-cut of value A\, (Q*). Every candidate considered by the algorithm is a valid k-cut, so
the returned one is optimum for Q*, and hence for Q.
It remains to bound the running time. For n = 1/100, the packing has

Spack = O(m log3(2n))
support trees. For one tree, Lemma 14 with p = k — 1 takes
O((m + n)log(2n) + KOWnk-1 10g(2n))
time. Processing the entire support therefore takes
ko(l)m(m +n+nF1) log*(2n).
The algorithm retains at most M}, cuts per support tree. Thus at most
spack My, = k9®mnlog®(2n)
compact cuts are materialized. Exact canonicalization and deduplication of their incidence vectors costs
EC® mn?log®(2n),

which is covered by the preceding bound because k > 3.
After parallel edges have been aggregated, m < n
invocation is

2. Hence all nonrecursive work in a parameter-k

EOF) pk+O0M) poly(L + n).

There are at most
My, = k9F)p

recursive candidate completions. If Dy (n, L) denotes the worst-case running time after aggregation, then for
an absolute constant C,

Di(n, L) < k°®nDy_y(n, L+ n?) + kO nk+C(L +n)C.

The bit length increases by at most O(n?) at each of the at most k recursion levels, and therefore remains
polynomial. Starting from the polynomial-time deterministic k£ = 2 algorithm and using

k
[[/°9 = kO,
j=3

the recurrence gives
Di(n, L) < EO(K?)  k+O(1)

The disconnected reduction is absorbed by the same bound because, for each fixed recursive parameter, its
induced instances are vertex-disjoint. The initial aggregation costs O(m). O
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4 Unbreakable Decomposition

Throughout this subsection G = (V, E) is an undirected unweighted multigraph, n = |V|, and s > 1 is the
edge-cut parameter. We assume self-loops, if present, have been deleted, since they do not cross any cut and
do not affect tree decompositions. We use near-linear computation of a tree cut-sparsifier by deleting edges
below a threshold to construct our unbreakable decomposition.

Definition 22 (Edge unbreakability). A vertex set X C V(G) is (g, s)-edge-unbreakable in G if every s-cut
(L, V(G) \ L) satisfies

ILNX[<q or [(V(G)\L)NX|<gq.
A (g, s)-breakable witness for X is an s-cut for which both quantities are larger than ¢. Thus X is (g, s)-edge-
unbreakable iff it has no (g, s)-breakable witness. Any set X with |X| < ¢ is vacuously (g, s)-edge-unbreakable.

Definition 23 (Tree Decomposition). A tree decomposition of a graph G is a pair (7, 3), where 7 is a tree
and B : V(1) — 2V(©) assigns a bag 5(t) C V(G) to every node t € V(7), such that:

e for each vertex v € V(G), the set {t € V(1) : v € B(t)} induces a connected subtree of 7.
e for each edge uv € E(G), there is a node ¢t € V(1) such that u,v € 5(¢).

A rooted tree decomposition is a tree decomposition together with a root r € V(7). If t # r and p(t) is
the parent of ¢, the adhesion of ¢ is

o(t) := B(t) N B(p(t))-
We set o(r) := (. The adhesion of the decomposition is max;cy (7 | (t)].
For a node ¢, let 7; be the subtree of 7 rooted at ¢, and define

)= |J B, al)=(t)\o),

weV (1¢)

and

Gi = GIy(H)]\ Ec(o(t))-

Definition 24 (Compact Tree Decomposition). A rooted tree decomposition (7, 3) is compact if, for every
node ¢ with o (¢) # 0, the graph G[a(¢)] is connected and Ng(a(t)) = o(t).

Definition 25 (Subtree Unbreakability). A rooted tree decomposition (7, 3) satisfies (g, s)-subtree unbreaka-
bility if, for every node ¢t € V (1), the bag 5(¢) is (g, s)-edge-unbreakable in the subgraph G;.

Definition 26 (Unbreakable Decomposition). (Definition 3.3 in [ALL"25]) A (g, s)-unbreakable decom-
position of G is a rooted tree decomposition (7, 3) where each bag () is (g, s)-unbreakable in G. The
decomposition admits the stronger subtree unbreakability property if each bag §(t) is (g, s)-unbreakable in
Gy.

Theorem 27 (Tree Cut-Sparsifier [ADK26]). There is a randomized algorithm which, given an undirected
unweighted graph G = (V, E), runs in time O(|E| + |V|) and with high probability outputs a weighted
hierarchical tree H = (Vyy, By, w) with V. C V3, such that H is a tree cut-sparsifier of G of quality
a(n) = O(log® nloglogn). That is, for every X C V, [6c(X)| < mincuty (X, V \ X) < a(n) |6¢(X)|, where

mincuty (X, V\ X) := min w(dy (U)).
UCVy
XCU, VAXCV\U

Moreover, the tree is hierarchical: every edge e € Ey3; corresponds to a laminar side S, C V', and its weight is
w(e) = 0g(Se)|. The hierarchy has depth O(logn).

Let o := a(n) = O(log® nloglogn), and A := [as]. We enlarge the hidden constant in c, if necessary, so
that a > 1. Run Theorem 27 on G, obtaining a hierarchical tree cut-sparsifier H = (V3y, E4, w) of quality c.
We identify each graph vertex v € V' with its corresponding singleton leaf in H.
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Low tree edges. Call a tree edge e € Ey low if w(e) < A. Let F:={e € Ey : w(e) < A}.

For e € F, let S, C V be the side corresponding to e in the hierarchy. Either side induced by deleting
e may be used, since the two sides define the same cut. Define its middle set in the original graph G by
p(e) == Endg(0c(Se)).

Lemma 28 (Small Middle Sets). For every e € F, |u(e)] < 2w(e) < 2A.
Proof. The weight of e is w(e) = [0¢(Se)|. Therefore

lu(e)| = [Enda(da(Se))| < 2/6a(Se)| = 2w(e) < 2A.
O

Raw Quotient. Delete all low edges F' from H. Let C be the set of connected components of H — F.
Contracting each component C' € C gives a quotient tree Q.. The edges of Q. are in one-to-one
correspondence with the low tree edges F'. For a component C' € C, let Vo := V N C be the set of original
graph vertices whose singleton leaves lie in C.

Define the raw bag

Braw(C) := Ve U U p(e)-
ecF:
e incident with C in Qraw

Lemma 29 (Raw Quotient is a Tree Decomposition). (Qraw, Sraw) S an ordinary tree decomposition of G.
Moreover, for every edge CD € E(Qraw) corresponding to the low tree edge e € F,

Braw(C) N Braw(D) C pue).
Consequently, the raw decomposition has adhesion at most 2A.

Proof. We first prove connectedness of vertex occurrences. Fix v € V', and let C,, € V(Qraw) be the component
containing the singleton leaf v. Let

T, ={C,}U ] V(P..(Cy,Cu)),
vuEE(G)

where Pg,, . (C,, C,) denotes the unique path in Qyaw from C, to C,,. We prove that T, is exactly the set of
raw bags containing v.

First let C € T,,. If C = C,, then v € Vo, C Braw(Cy). Otherwise, there is an edge vu € E(G) such
that C' lies on the path Pg,, (Cy,Cy). Then C' is incident, along this path, with some low edge e € F. The
corresponding tree edge lies on the unique path in H between the singleton leaves v and u, and therefore the
side S, separates v and u. Thus vu € dg(Se), so v € u(e) C Braw(C).

Conversely, suppose v € SBrayw(C). If v € Vo, then C = C,, so C € T,,. Otherwise, v € u(e) for some low
edge e € F incident with C in Q;aw. By the definition of u(e), there is an edge vu € E(G) crossing the cut
Se. Equivalently, e lies on the path in H between the singleton leaves v and u, and therefore the quotient
edge corresponding to e lies on Py, (C,,Cy). Since C is incident with this quotient edge, C' € T,,.

Thus the raw bags containing v are exactly T,,. Since T, is a union of paths all containing C,, it is
connected.

Next we prove edge coverage. Let uwv € E(G). If C,, = Cy, then u,v € Vo, C Braw(Cy), so the edge is
covered. Otherwise, the path from C, to C, in Q.. contains at least one low edge e € F. The corresponding
tree edge separates the singleton leaves u and v, so uv € 6g(S.), and therefore u,v € u(e). Since p(e) is
included in the two bags incident with e, the edge uv is covered.

It remains to prove the adhesion statement. Let CD € E(Qaw), and let e € F be the corresponding low
tree edge. Suppose v € Braw(C) N Braw (D). By the connectedness just proved, the raw bags containing v form
a connected subtree of Q.. Since this subtree contains the adjacent nodes C' and D, it crosses the edge C'D.
Equivalently, v € p(e). Thus Braw (C)NBraw (D) C p(e). By Lemma 28, |Braw (C)NBraw (D)| < |u(e)| < 2A. O
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Compression. We compress the raw quotient Q.. by repeatedly deleting empty leaves and suppressing
empty degree-two nodes. Let the resulting tree be Q. Thus every node of @) either contains at least one
original graph vertex, or has degree at least 3.

Each edge ¢ = CD € E(Q) represents a path in the raw quotient whose edges correspond to low edges
of the hierarchy. For each endpoint C of €, we select the first raw low edge on this path incident with C.
For a retained node C € V(Q), let I(C) be the set of selected first raw low edges over all compressed edges
incident with C. Define

B(C) =V U U ule).

ecI(C)

The resulting compressed quotient is (@, ). The detailed compression construction and the proof of the
following lemma are deferred to Section A.1.

Lemma 30 (Compressed Quotient is a Tree Decomposition). We have |V(Q)| + |E(Q)| = O(n) and
B(C) C Braw(C) for all C. (Q,B) is a tree decomposition of G and its adhesion is at most 2A.

Lemma 31 (Bag Unbreakability). Every bag 5(C), C € V(Q), is (24, s)-edge-unbreakable in G.

Proof. Let Z C V be any cut with [0¢(Z)| < s. By the upper side of the cut-sparsifier guarantee of
Theorem 27, there exists a tree cut U C V4 such that U NV = Z and

w(dx(U)) < alde(Z)] < as < A.

Every tree edge inside a raw component of H — F' has weight strictly larger than A. Since the total
‘H-capacity of d¢(U) is at most A, the cut U cannot cross any such high edge. Therefore every raw component
C € C is monochromatic with respect to U: either C C U or C NU = (). In particular, every retained node
C € V(Q) is monochromatic.

Fix C € V(Q). We prove that one side of Z contains at most 2A vertices of 5(C).

First suppose C' C U, then Vi C Z. We claim that |3(C) \ Z] < 2A. Take v € 8(C) \ Z. Since Vi C Z,
we have v ¢ V. Hence v € p(e) for some first raw low edge e € I(C). In particular, by 8(C) C Braw(C),
v € Braw(C). Let C, be the raw component containing the singleton leaf v. Since v ¢ Z = U NV, and raw
components are monochromatic, we have C,, N U = (. By Lemma 29, the raw bags containing v form a
connected subtree of ;.. This subtree contains both C' and C,. The raw path from C to C, must cross
the tree cut U. Let h be a raw quotient edge on this path crossing U. Since both endpoints of h lie in the
raw occurrence subtree of v, the adhesion statement of Lemma 29 gives v € u(h). Moreover, h € F N dy(U).
Consequently,

sonNze  |J ).
Using Lemma 28, we get

BONZI< D uh)<2 D w(h) < 2w(@dx(U)) < 2A.

heFNéy (U) heFNdy (U)

The case CNU = ) is symmetric. Then Vo N Z = (), and the same argument gives |3(C) N Z| < 2A. Thus
for every s-cut Z, one of the two sides contains at most 2A vertices of 5(C). Hence B(C) is (24, s)-edge-
unbreakable in G. O

Lemma 32 (Decomposition Depth). The decomposition tree Q has depth O(logn).

Proof. Let the rooted hierarchy H have depth d = O(logn). Every simple path in the raw quotient lifts to a
simple path in H: expand each contracted high-edge component along the unique hierarchy path between the
incident low edges. Consequently, every raw-quotient path has at most diam(#H) < 2d edges.

Deleting empty leaves and suppressing empty degree-two nodes cannot increase the number of edges on a
path between retained nodes. Therefore every path in @ has length at most 2d. Rooting @) at any retained
node gives depth O(logn). O
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Lemma 33 (Output Size). The compressed decomposition (Q,3) has
> 1B(O)] = O(An)
CeVv(Q)

total bag incidences. Moreover,

and therefore

Cev(Q)

Proof. The sets Vi, over retained nodes C' € V(Q)), are pairwise disjoint subsets of V. Therefore ZCEV(Q) Vel <
n. Also |E(Q)| = O(n). Each compressed edge contributes at most two first raw low edges, one to each
endpoint. Hence > -ccy ) [1(C)] < 2[E(Q)| = O(n). This also gives

By Lemma 28, every middle set included in a compressed bag has size at most 2A. Therefore

SBOI<n+ D> Y fue) <n+28 DI O(An).

Cev(Q) CeV(Q) e€I(C) Ccev(Q)
O

Note: after constructing the compressed quotient decomposition, we apply a cleanup routine which compact-
ifies the decomposition and suppresses redundant bags. Compactification is useful because it simplifies the
interaction of a bag with its parent, making the dynamic programming of Algorithm 5 cleaner. Redundancy
removal is useful because it keeps the decomposition size linear and prevents the DP from spending time on
nodes whose states are identical to, or subsumed by, their parent states. The statement of this cleanup routine
is given below, and its proof is deferred to Section A.2. The theorem is stated for the final decomposition
after this cleanup has been applied.

Theorem 34 (Compactification and Redundancy Removal). Let (7, 3) be a rooted tree decomposition of G,
with root adhesion empty. Let

M :=|V(r)|+|E(GQ)| + Z 1B(t)], 7= max{|o,(t)| : t £},

teVv(r)
with n := 0 if 7 has only one node. There is an algorithm which runs in
O(M + 1n)
time and outputs a compact rooted tree decomposition (T, 3) of G such that:
1. every output bag is a subset of some input bag.
2. every output adhesion is either empty or a subset of some input adhesion.

3. mo non-root output bag is contained in its parent bag.

4. if the input tree has depth d, then the output tree has depth at most d + 1.
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V@l <n+1, Y 1B(@)] =0+ 1)n).

zeV(T)

Consequently, if every input bag is (q, s)-edge-unbreakable and every input adhesion has size at most 1, then
every output bag is (g, s)-edge-unbreakable and every output adhesion has size at most 7).

Theorem 35 (Near-Linear Edge-Unbreakable Decomposition). Let G = (V, E) be an unweighted undirected
multigraph on n wvertices and m edges, and let s > 1. There is a randomized algorithm which, with
high probability, constructs a compact rooted tree decomposition (T,x) of G with adhesion at most 2A =
O(s loanlog logn), such that every bag is (24, s)-edge-unbreakable. Moreover, the output decomposition
satisfies
[V (7)| = O(n), Z Ix(C)] = O(An) = O(snlog® nloglogn).
CeV(r)

The rooted decomposition tree has depth O(logn). The construction time is

O(m+ An) = O(m + sn).

Proof. Recall A := [as], where a = O(log? nloglogn) is the quality parameter of Theorem 27. The
algorithm first constructs the hierarchical tree cut-sparsifier of G, thresholds its tree edges at value A, forms
the corresponding raw quotient tree decomposition, and compresses it. Let (Q, ) denote the compressed
quotient. _ _

The raw quotient and its compression are computed from H in O(|]V(H)|) = O(m + n) time, which is
absorbed by O(m + An).

Correctness as an ordinary tree decomposition, the adhesion bound, the depth bound, and the output-size
bound for the compressed quotient follow from Lemma 30, Lemma 32, and Lemma 33. In particular, (Q, §)
has adhesion at most 2A, depth O(logn), and total bag volume O(An).

Bag unbreakability for the compressed quotient follows from Lemma 31: every bag of (Q, ) is (24, s)-
edge-unbreakable.

We first materialize the middle sets needed by the compressed quotient. Let

L= |J 100

Cev(Q)

be the set of selected raw low edges whose middle sets appear in compressed quotient bags. By Lemma 33,
[Io] = O(n).

We mark the edges of Iy in the hierarchy tree H. Root H arbitrarily and identify each tree edge with its
deeper endpoint. Thus a marked edge is represented by a marked non-root vertex. Preprocess H for LCA
queries using binary lifting (compute the 2'th ancestor of every vertex for all i), and compute a heavy-light
decomposition (identify the largest-subtree child of every vertex). For each heavy path P, order its vertices
from top to bottom and store the marked vertices on P, sorted by their positions on P.

Given two nodes z,y € V(#), let z = lca(z,y). The marked edges on the path x ~» y are exactly the
marked child endpoints on the two upward paths x ~~ z and y ~» z, excluding z itself. Each upward path is
decomposed by heavy-light decomposition into O(logn) heavy-path intervals. On each interval, two binary
searches in the sorted marked list for that heavy path report all marked vertices in the interval. Thus a path
query takes O(log2 n + r) time, where r is the number of reported marked edges. The preprocessing takes
O(|V(H)]) time and space, plus O(|Io|) storage for the marked vertices.

For every edge uv € E(G), let ¢, £, be the singleton leaves of H corresponding to u and v. We report the
marked edges on the path between ¢,, and ¢,. For each reported marked edge e, add u and v to p(e). This
constructs the desired middle sets: for e € Iy, the edge uv is reported for e exactly when the two singleton
leaves lie on opposite sides of e in H, equivalently exactly when uv crosses the cut S, represented by e.
Therefore v and v are added to u(e) exactly for the selected cuts whose boundary contains uv.
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The total number of reports is

Y 16a(Se)| = wle) < Allo| = O(An),

e€lp ecly

because every selected edge e € Iy is low. Therefore the total time spent by all path-reporting queries is
O(m + An), and the compressed quotient (@, 3) can be built explicitly in O(m + An) time.

Root @ as in Lemma 32. Now run Algorithm 8 on (Q, ), and let the resulting decomposition be (7, x).
By Lemma 74, (7, x) is a compact rooted tree decomposition, every output bag is a subset of an input bag,
every output adhesion is a subset of an input adhesion, no non-root output bag is contained in its parent bag,
and the depth remains O(logn). By Corollary 76, every output bag remains (2A, s)-edge-unbreakable and
every output adhesion has size at most 2A. B

Finally, by Lemma 75, applied with M = O(m + An) and n = 2A, the cleanup takes O(m + An) time and
outputs a decomposition satisfying

V(7)] = O(n), Y. IX(©O) = 0(An).

CeV(r)

Combining the tree cut-sparsifier construction, middle-set construction, and cleanup gives total time

O(m+ An) = O(m + sn).

5 FPT Algorithm for Min k-Cut

We modify the FPT algorithm of Lokshtanov, Saurabh, and Surianarayanan [LSS22]. First, we use the
near-linear edge-unbreakable decomposition of Theorem 35, whose adhesion and unbreakability parameters
are

A = O(slog® nloglogn).

Second, virtual trees let us compute the projection of a spanning tree onto a bag efficiently. Third, the
large-bag dynamic program uses randomized subset families to guess the relevant projected tree edges and
small components. Finally, an approximate dual k-cut packing supplies a random tree that respects an
optimum cut with good probability. These changes give near-linear dependence on the graph size and reduce
the dependence on s to s%%76.

Throughout this section G = (V, E) is an unweighted multigraph, |V| =n, 2 < k < n, and s is a parameter
satisfying A\, (G) < s. Storing the minimizing choices returns the corresponding cut with the same asymptotic
running time.

Definition 36 (Respecting spanning tree). Let T be a spanning tree of G, and let A C E(G) be an edge set.
We say that T h-respects A if
|[E(T)N Al < h.

If IT is a partition of V(G), we say that T' h-respects II when T h-respects d¢ (II).

Definition 37 (Nagamochi-Ibaraki sparsification [N192]). For an undirected graph G = (V, E), a Nagamochi—
Ibaraki forest decomposition is a sequence of edge-disjoint spanning forests

P Fy, ...
where F; is a maximal spanning forest of

G\UFj.

7<i
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For an integer r» > 1, the union
= U F,
i=1
has at most r(|V]| — 1) edges. Moreover, for every cut X C V|
[0c, (X)| = min{|dc(X)], 7}

In particular, every cut of value at most r is preserved exactly in G,., and every cut of value greater than r
has value at least r in G,. For a prescribed threshold r, the certificate G, can be computed in O(|E|) time.

The edge-unbreakable decomposition used below has adhesion and unbreakability parameter
A = O(slog® nloglogn).

We keep A explicit throughout the algorithm and substitute this value only in the final theorem.

5.1 Preliminaries and Decomposition

Let mo := |E(G)| denote the number of edges in the input graph. We first apply Nagamochi-Ibaraki
sparsification (Definition 37, [NI92]) with threshold s+ 1. Thus all cuts of value at most s + 1 are preserved
exactly, cuts of value larger than s + 1 remain larger than s + 1, and the resulting graph has m = O(sn)
edges, this takes O(mg) time. We replace G by this sparse graph for the remainder of the algorithm.

If G has at least k connected components, then \;(G) = 0.

If G has 1 < h < k connected components G4, ..., Gy, reduce to the connected case as follows. For each
component G; and each

1 <p<min{k - h+1,|V(Gj)|},

run the connected algorithm as a truncated solver with threshold s. Every recursive parameter is at most
k—1.

As in Lemma 11, an optimum global k-cut can be normalized so that the total number of induced

component-parts is exactly k: while there are more than k£, merge two induced parts inside one component.
This cannot increase the cut value. Therefore the optimum is obtained from

min E )\pJ
p1t-- +Ph k
Dj

which is evaluated by a dynamic program.

The connected-case calls are amplified so that all calls used by this dynamic program succeed with high
probability. Each component occurs for at most k requested parameters, so the aggregate input volume is
O(kn) vertices and O(km) edges. This additional factor is absorbed by k©*). Hence, from now on, assume
that G is connected. Hence, from now on, assume that G is connected.

We then run the near-linear edge-unbreakable decomposition algorithm with cut parameter s. By
Theorem 35, this computes a compact rooted tree decomposition (7, ) in time

O(m + An) = O(An),

because m = O(sn) and A > s. Set
q:=2A,

to be the unbreakability parameter from Theorem 35. The decomposition satisfies:
1. every adhesion has size O(A)

2. every bag S(t) is (g, s)-edge-unbreakable
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3. V()| = O(n)
4 Y evin 1B(E)] = O(An)
5. Sievin lo(D)] = O(An)

Here o(t) denotes the adhesion between ¢ and its parent, with o(r) = @ for the root r, and ~(¢) denotes the
union of bags in the subtree of 7 rooted at ¢.

5.2 Tree-Feasible States

Fix a spanning tree T of G. The dynamic-programming tables are indexed only by adhesion states that can
arise from cutting at most 2k — 2 edges of T'.

A labeled partition of a set X is a function ¢ : X — [k]. Its underlying unlabeled partition is the partition
into the nonempty preimages of labels. Let A(¢) := ¢(X) C [k] be the set of labels used by ¢. The restriction
of ¢ to Y C X is denoted by ¢|y; if Y = 0, this is the unique empty labeled partition ¢gp.

Definition 38 (Tree-Feasible Labeled Partition). Let 7”7 be a tree. A labeled partition ¢ of V(T7) is
c-admissible with respect to T if its underlying unlabeled partition has at most ¢ edges of T” with endpoints
in distinct parts.

For X C V(T"), a labeled partition ¢x : X — [k] is T'-feasible if it is the restriction to X of a (2k — 2)-
admissible labeled partition of V(T"). Let £, denote the family of all such labeled partitions. If X = (), we
include ¢y.

For X C V(T), let Tx := proj(7T, X) be the tree obtained from T by repeatedly deleting leaves outside X
and smoothing degree-2 vertices outside X.

Definition 39 (Virtual Tree). Let 7 be a rooted tree, and let S C V(7). The virtual tree, or auxiliary tree,
on S is the minimal tree 7(S) whose vertex set contains S and is closed under lowest common ancestors in
T. Its edges correspond to maximal paths of 7 between consecutive retained vertices, and therefore preserve
the ancestor-descendant relations among vertices of S and their LCAs.

Lemma 40 (Virtual Tree and Labeled State Bound). After one O(nlogn) preprocessing step on T, the tree
Tx can be computed in O(1 4 |X|log|X]|) time. Moreover,

L3 = L7,

V(Tx)| < max{21X| - 1,1},

and
1£5] < kO max{| X, 1}2+2,

In particular, for every adhesion o(t),
|E;(t)| § ko(k)AQk:fQ.

Proof. The virtual tree on X is computed by sorting the vertices of X by Euler-tour order and adding the
LCAs of consecutive vertices. This takes O(nlogn) preprocessing and O(1 + | X|log |X|) query time, and
results in at most max{2|X| — 1,1} vertices [BFC00]. Thus deleting remaining non-X leaves and smoothing
remaining non-X degree-2 vertices takes O(|X]) time.

Deleting a leaf outside X has no effect on the induced labels on X. Smoothing a degree-2 vertex v ¢ X
with neighbors a, b preserves the induced labels on X: a deleted edge among av, vb separates the two sides of
the path if and only if the smoothed edge ab is deleted. This transformation never increases the number of
deleted tree edges, and it is reversible by replacing a deleted smoothed edge by one of the two original edges.
Applying these operations throughout the construction of Tx gives £ = E%X.
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It remains to count feasible labelings on Tx. Choose j < 2k — 2 deleted edges of T'x. This gives j + 1
components. Then assign labels from [k] to the resulting components, allowing components with the same
label to be merged. Thus the number of possibilities is at most

2k—2
Z (maX{2|X -1, 1}) kj+1 < kO(k) max{|X|, 1}2k—2'
: J

Jj=0

Since every adhesion has size O(A), the adhesion-state bound follows. O

5.3 Dynamic Programming for One Tree

Fix the decomposition (7, 3) and a spanning tree T. For each vertex v € V(G), let top(v) be the minimum-
depth node whose bag contains v. For an edge uv € E(G), the nodes top(u) and top(v) are comparable, and
the minimum-depth bag containing both endpoints is the deeper of them. We assign wv to this node u(uv),
and define

E; :={e € E(G): ue) =t}.
The sets Ef partition E(G). Let E2; := U, cv (., Eu-

For a labeled partition ¢ of a vertex set containing the endpoints of an edge set F', let costp(¢) be the
number of edges in F' whose endpoints receive distinct labels. Write cost;(¢$) := costge (¢).

For every node t, every ¢, () € E;(t), and every label set L C [k] with (letting A denote used labels)
Mbo@)) € L, the algorithm maintains an entry

ft(¢a(t)7L) € {Oa la .. .,S} U {OO}

A finite value is stored only together with a witness labeled partition ¢ : v(¢) — [k] such that
Blot) = ot o) =L,

and the stored value is exactly costpe (¢). Entries larger than s are truncated to oo.

A transition at node t consists of a labeled bag partition 1 : 8(t) — [k] and, for every child u of ¢, a label
set L, C [k] such that

1/J|a(u) € ,C;(u) and fu(il)‘g(u),Lu) < 0.

The transition glues the child witnesses to the bag labeling v along the equal labeled adhesion states. It has
label set
L=X»)u |J L

w€children(t)

and value

COStt(w) + Z fu(d}|a(u)7Lu)'

w€children(t)

The transition contributes to f;(1[s ), L), provided 1|y € [,f}(t). At the root r, the answer for this tree is
fr (¢@a [k] )

5.4 Small and Giant Parts

In this subsection and the next two subsections, fix a labeled global optimum k-cut ¢* : V(G) — [k] of value
at most s, and fix a node ¢. Let IT} be the underlying unlabeled partition induced by ¢*|g().

A bag t is large if |5(¢)| > kq. If ¢ is large, then, since 3(t) is (g, s)-edge-unbreakable and ¢* has total cut
value at most s, at most one part of II} contains more than ¢ vertices. Since there are at most k parts and
|B(t)| > kg, such a part exists. We call it the giant part. Let S; be the union of all non-giant parts of II7}.
Then

[S¢] < (k—1)g = O(kA).
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Assume now that T crosses ¢* in at most 2k — 2 edges. Since T crosses ¢* in at most 2k — 2 edges,
delete from Tjp(;) every projected edge whose corresponding path in T' contains an edge crossing ¢*. The
projected-edge paths are edge-disjoint in 7', so at most 2k — 2 projected edges are deleted. Every remaining
projected edge corresponds to a path in T" whose vertices all have the same ¢*-label. Therefore the component
partition of the resulting projected tree refines ITf. Let Cf C E(Tp)) be a set of at most 2k — 2 projected-tree
edges such that the component partition of T,y — Cf refines II}. Let R} be this component partition. Let
SY be the union of components of R} that contain vertices of Sy, and let S be the set of projected-tree
edges in E(Tp)) \ Cf whose endpoints both lie in S}

Lemma 41 (Small-Side Projected Size). If t is large, then
1S{| = O(kA),  [SF|=O(kN).

Proof. In Ty, every vertex outside 3(t) has degree at least 3. After deleting Cy, only vertices incident with
deleted edges can become leaves or degree-2 vertices outside S(t).

Let Pyman be the set of components of Ty — Cy that meet S;. For each P € Pypan, let dcx P be the set
of deleted projected-tree edges incident with P. Counting degrees in the tree gives

|P| < 2(|PNB({)| + |0c; P).

Summing over P € Pyyan,

1SV < 218 +4|CF| = O(kA).
The relevant projected edges form a forest on S}, so |SE| = O(kA). O

5.5 Random Separating Families

Let
La == [(k+1)log(k(n+A+2))].

Lemma 42 (Random Separating Family). Let U be a finite ordered universe, and let a,b > 1. Put

pi=a/(a+b), and let
(52

for a sufficiently large absolute constant cy. Generate R independent random subsets Hy,...,Hgr C U by
including each element independently with probability p.

Then, for every fized pair of disjoint sets A, B CU with |A| < a and |B| < b, w.h.p. some H; satisfies
AQH] andeOB:Q)

Proof. For one random set H,

Pr[AC H, HNB =] =pl(1—p)I = p"(1-p)" = <e(aa+b)>

Thus the probability that none of the R samples separates A from B is at most

o))

which is small enough for union bounds over k?*)AP()n generated objects, by choosing ¢ sufficiently
large. O
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5.6 First-Level Guess

Fix a large bag ¢, and keep the fixed optimum cut ¢* and respecting tree T from above. Let H;(t) be the
family obtained from Lemma 42 with universe i = E(T(;)) and parameters

a=2k—2, b=c1kA,
where c¢; is a sufficiently large absolute constant. Then
Ry = [Hy(t)] = KON 2L,

Definition 43 (Good First-Level Guess). A first-level guess C' € H1(t) is good for ¢* at t if

Q)

Cr C and  CNSF=0.
Lemma 44 (Existence of a Good First-Level Guess). W.h.p., for every large bag t, some Ce H1(t) is good
for ¢* at t.

Proof. Apply Lemma 42 with A = C} and B = SF. We have |A| < 2k — 2, and Lemma 41 gives |B| = O(kA).
Choosing c¢; large enough makes |B| < ¢1kA. A union bound over the O(n) bags proves the claim. O

For a good 6, let R(a) be the set of connected components of Ty — C whose projection to B(t) is

~

nonempty. Empty projected components are ignored throughout. Let Sy C R(C') be the set of components
that intersect Sy .

Lemma 45 (Number of Small-Side Components). If C is good, then |Se] < 2k — 2.

Proof. Since Cis good, it contains C} and is disjoint from SF. Thus passing from Tg) — Cf to Ty — C can
only delete additional projected-tree edges outside the small side. In particular, no component of Ta) — Ct
that meets SY is split by the additional deletions. Therefore the components of Tty — C that meet SY are
exactly the components of T,y — Cf that meet SY.

Deleting C} creates at most 2k — 1 components. Since the giant part is nonempty and disjoint from the
small side, at least one of these components belongs to the giant side. Hence at most 2k — 2 components
meet the small side. O

5.7 Second-Level Guess and Nice Decompositions

For fixed ¢ and C, define the auxiliary graph .At(a ) as follows. Its vertices are the components in R(é) Two
components are adjacent if either there is an owned edge zy € EP with endpoints in the two components,
or some adhesion o (u), for u € children(t) U {¢}, intersects both components. Let N 4 &) (St) be the set of
auxiliary neighbors of S; outside S;.

This auxiliary graph captures all relevant interactions inside 5(¢). Indeed, if an edge xy € E(G[B(t)]) is
not owned at ¢, then its owner is a proper ancestor of ¢, and the connectedness axiom implies z,y € o(t).

Lemma 46 (Auxiliary-Neighborhood Bound). For the fized optimum cut ¢* and every good first-level guess
c,
|NAt(5) (Su)l = O(kA2)~

Proof. Owned-edge neighbors are charged to cut edges of ¢*. If an owned edge has one endpoint in a
component of S; and the other endpoint outside S;, then its endpoints lie in different parts of the optimum
bag partition. Since ¢* has value at most s, owned-edge neighbors contribute at most s < A components.
Parent-adhesion neighbors contribute O(A), since |o(t)| = O(A).
It remains to bound neighbors arising from child adhesions. Call a child u affected if o(u) intersects a
component of S; and also intersects a component outside S;. Then o(u) contains vertices on both sides of
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the optimum bag partition. Since the decomposition is compact, G[a(u)] is connected and Ng(a(u)) = o(u).
Hence at least one edge incident with a(u) is cut by ¢*. The sets a(u) over different children of ¢ are disjoint,
so these charges are distinct. Thus at most s < A children are affected. R

Each affected adhesion has size O(A), and therefore intersects at most O(A) components of R(C). Hence
child adhesions contribute O(A?) auxiliary neighbors. Altogether,

|N

4,0 (St = O(A?) C O(kA?).

O

For a good first-level guess C, choose an arbitrary component R¢® € R(C) \ S; whose projection to 3(t)
is contained in the giant part. Such a component exists: the giant part contains a vertex of 5(t), and C2 Cr,
so every component of Ty — C projects into a single part of II7.

Let Hy(t, C) be the family obtained from Lemma 42 with universe ¢ = R(C) and parameters

a=2k—2, b= cokA?,
for a sufficiently large absolute constant cs. Then
Ry = [Hy(t,C)| = kOWAR—AL,
Definition 47 (Good Second-Level Guess). A second-level guess S € Hy(t,C) is good for ¢* at t if
S cS

and R
Sn (NM@) (Se) U{R{™}) = 0.

Lemma 48 (Existence of a Good Second-Level Guess). Condition on the generated first-level families.

W.h.p., for every large bag t and every good first-level sample Ce Hi(t), some Se Hal(t, 6) is good for ¢* at
t.

Proof. For fixed t and C , apply Lemma 42 with
A=S8,, B:NAt(é)(St)U{Rge“},

Lemma 45 gives |A| < 2k — 2, and Lemma 46 gives |B| = O(kA?). Choosing cs sufficiently large gives
|B| < cokA2. A union bound over all large bags and first-level samples proves the claim. O

For this subsection, write
Adh(t) := children(t) U {t}.

Definition 49 (Nice Decomposition). A triple
D = (I35, Op@r), O)
is a nice decomposition of 5(t) if © 4y refines HEI(C;)’, O is one part of Hgi(ct‘j, and:

1. @ﬁ(t)|0 = {O}

2. for every part P € 1T \ {O}, the restricted partition © 4, |p has at most 2k — 1 parts
3. no edge of G[B(t)] has endpoints in two distinct parts of Hgi(‘g \ {0}

4. no adhesion o(u), for u € Adh(t), intersects two distinct parts of H‘él(‘f) \ {0}

27



For a fixed pair (t, 5), we use the quotient auxiliary graph on the components of ’R(@) constructed in
Lemma 50. A component of R(@) is called heavy if its degree in this quotient auxiliary graph is larger than
A= cliA2 for a sufficiently large constant c. Heavy components are determined during the preprocessing
for (t,C), independently of the second-level guess S. In the algorithm below, a component is selected if it

belongs to S.

Algorithm 3 NICEDECOMPOSITION(¢, T, 5, §)

~

Let R(C) be the nonempty projected components of Tjz(;) — C.

~

Start with one atom for each component of R(C).

Merge every component not in § into a center atom Oy.

Send every selected heavy component to Q.

In the induced auxiliary graph on the remaining selected components, compute the connected components

of size at most 2k — 1 using Lemma 50.

6: Merge every remaining selected component not lying in one of these small auxiliary connected components
into @().

7. if ©g = 0 then

8: L return L.

9: Let ©’ be the resulting atom partition.

10: Form II"° by merging each small auxiliary connected component into one non-center part.

11: Add the center atom Oy to IT™°®, and set O + Oy.

12: Scan the component—adhesion incidence lists of the non-center components. Using an array indexed by
Adh(t) with timestamps, record for each touched adhesion the unique non-center part it touches.

13: Project ©', II™°, and O onto 3(t), remove empty parts, and return

D = (Hgl((;e)a 9ﬁ(t)7 O)

together with the recorded adhesion-incidence data.

A returned value L is ignored by the dynamic program. The timestamped array in Line 12 only avoids
clearing an array over all of Adh(t); only adhesions actually touched by the incidence scan are initialized.

The recorded adhesion-incidence data is well-defined. If an adhesion o(u) touched two distinct non-center
parts, then two selected components in those parts would be adjacent in At(a )[SA'], and hence would lie in
the same auxiliary connected component. Thus a fixed adhesion touches at most one non-center part. Since

~

every non-center part contains at most 2k — 1 components of R(C'), each adhesion appears in the scanned
incidence lists of only O(k) non-center components. Therefore the incidence scan costs

KOW(1+ degt (1))
time.
Lemma 50 (Fast Compatibility Structure). Fiz a node t, a first-level guess 6, and a second-level guess
SCR(CO).

After preprocessing (t, 5), the small connected components of At(é) [«SA’] needed by Algorithm 3, together with
the component—adhesion incidence lists needed to assign adhesions to non-center parts, can be computed in
time

O(k0<1>(1 + deg (t) + |§|A2)Lf“>) ,

after an additional preprocessing cost of

o koD | 5@) + 1B+ Y Jo(w)? | LV
u€Adh(t)
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The preprocessing also stores owned-edge multiplicities between components of R(a) Moreover, for a good
pair (C,S), no true small-side component is discarded by the heavy-component rule or by the size cutoff.

Proof. First compute the nonempty projected components R(a) of Ty — C. For every u € Adh(t), list the

~

distinct components of R(C) intersecting o(u), and insert u into the incidence list of each such component.
These same lists are used to add the adhesion-clique edges in At(é ).

Build the quotient auxiliary graph on 7'\’,(5) For each owned edge zy € EY, add its multiplicity to the
pair of components containing = and y, if these components are distinct. For each adhesion o(u), add a clique
on the distinct components it intersects. This costs O(|o(u)|?) for adhesion u. Duplicate quotient edges are
removed by hashing, while owned-edge multiplicities are retained.

After the quotient graph is built, mark as heavy every component whose quotient degree is larger than
A = ckA?, where c is a sufficiently large constant. This marking is independent of S. For a good pair, no
true small-side component is heavy. Indeed, Lemma 46 gives

|N.At(5) (Su)l = O(kAQ)-

For every P € &,
deg 4, ) (P) < |St| =1+ N, 5)(Se)| = O(kA?).

Choosing c large enough therefore ensures that no component of S; is marked heavy.

For the query S, mark the selected components, send selected heavy components to the center, and run
breadth-first search in the induced graph on the remaining selected components. Whenever the search explores
a selected component, it scans its quotient adjacency list and follows only selected non-heavy neighbors. Since
every non-heavy component has quotient degree at most A, this takes

O(kA?|S|LF™)

time. Connected components of size at most 2k — 1 are output as small auxiliary connected components;
larger selected components are merged into the center.

During the same scans, aggregate the owned-edge multiplicities needed by the dynamic program. Multi-
plicities to unselected, heavy, or large discarded components are added to the center atom, while multiplicities
between selected components in the same small auxiliary component are kept between the corresponding
atoms.

Finally, for every component in an output non-center part, scan its component—adhesion incidence list.
The timestamped array records, for each touched adhesion, the unique non-center part touched by that
adhesion. This uniqueness follows from the paragraph before the lemma. Since every non-center part contains
at most 2k — 1 components, and each adhesion can be recorded for at most one non-center part, the total
incidence-scan time is

kW (1 + degl (1)).

Combining the preprocessing, graph search, multiplicity aggregation, and incidence scan gives the claimed
bounds. The heavy-component argument above and Lemma 45 imply that, for a good pair, no true small-side
component is discarded. O

Lemma 51 (Generated Decomposition Refines the Optimum). If C and S are good for ¢* at t, then
Algorithm 8 does not return 1. It returns a nice decomposition

D = (I35, Opr), O)
such that ©gy) refines II7.

Proof. Since C contains Cf, the projected components R(@) refine II}. Since S contains S; and avoids
N4, (St), every connected component of A:(C)[S] that intersects S; is contained entirely in S;. By
Lemma 45, such a component has size at most 2k — 2. By Lemma 50, no true small-side component is
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discarded by the heavy-component rule. Therefore the algorithm never merges a true small-side component
into the center. R R

Every component of R(C') not selected by S is outside S;, and hence projects into the giant optimum part.
Similarly, every selected auxiliary connected component merged into the center is either heavy or has size
greater than 2k — 1; by the previous paragraph, it is disjoint from &;, and so it also projects into the giant
optimum part. Since S avoids R{", at least one central component is merged into ©y. Thus the algorithm
does not return 1, and the center part O is contained in the giant optimum part.

~

All remaining atoms of ©4(;) are projected components of R(C'). Each such component is contained in a

~

single part of IIy, because R(C) refines IIy. Hence O, refines I1;.
It remains to verify that the returned triple is nice. The center condition ©g)lo = {O} holds by

ice

construction, since all central atoms are merged into one part. Every non-center part of HE( 7 comes from a

connected component of At(é)[g'} of size at most 2k — 1, so it contains at most 2k — 1 parts of Og,).
Distinct non-center parts of Hgléﬁ come from distinct connected components of the selected auxiliary
graph after heavy and large components have been sent to the center. Hence no auxiliary edge joins two
distinct non-center parts. In particular, no owned edge joins two distinct non-center parts, and no adhesion
o(u), for u € Adh(t), intersects two distinct non-center parts. Finally, by the observation in the definition of
A;(C), every edge of G[B(t)] that is not owned at ¢ is represented by the parent adhesion o(t). Since o (t)
also cannot intersect two distinct non-center parts, no edge of G[S(t)] joins two distinct non-center parts.
Therefore D is a nice decomposition. O]

5.8 Evaluating Nice Decompositions

For a nice decomposition D = (H’gi(‘;‘;, Os1),0), let

gl((?; \{O} = {Pla .. -aPp(D)}
be its non-center parts. Set
By =0, By:=0UP, forl</t<p(D).

A labeled coarsening of ©g(;) is an assignment of labels in [k] to the parts of ©g(;); parts assigned the
same label are merged. It is compatible with D if it can be obtained by independently choosing labeled
coarsenings of

OB,

for £=0,...,p(D), with all choices assigning the same label to the common atom O. When p(D) = 0, there
is only the center block By = O = 3(¢).

Lemma 52 (Solving a Nice Decomposition). Given a nice decomposition
D = (I}, Os(1), 0),

together with the incidence records produced by Algorithm 3, all compatible labeled transitions whose bag
labeling coarsens Op(;y can be evaluated in time

kO (1 + p(D) + deg (t)).
Moreover, if ©g ) refines 11y, then this evaluation includes the transition induced by ¢* at t.

Proof. For each block By, let
.Ag = @6(25)|Bz

be its local atom set. By niceness,

|Ao| = 1, |A¢g] <2k for 1< ¢ < p(D),
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because O is one atom and each non-center part contains at most 2k — 1 atoms of ©g(;). Hence all local
labelings
¢g : .Ag — [/4}]

can be enumerated in k®) time per block. We enumerate the common center label ¢ € [k], and only consider
local labelings satisfying

Ye(0) = q.

Using the incidence records, assign each child u € children(t) to exactly one block. If o(u) touches a
non-center part P, assign u to By; otherwise assign u to the center block By. This is well-defined by niceness,
since no adhesion touches two distinct non-center parts. Let U, be the set of children assigned to By;. The
incidence records allow these sets to be formed in k() (1 4 deg (¢)) time.

Similarly, assign each owned edge in E} to exactly one block. If both endpoints lie in O, assign the edge
to By. Otherwise, if at least one endpoint lies in Py, assign the edge to By. This is well-defined because no
graph edge joins two distinct non-center parts. The stored owned-edge multiplicities between atoms of ©g )
give, for each local labeling v, the local owned-edge cost

co(e) == Y mu(AA) Lihe(A) # e(A)],

{AA'}e&

where & is the set of unordered atom pairs whose owned edges are assigned to By, and m(A, A’) is the
stored multiplicity of owned edges between atoms A and A’. Loops inside a single atom contribute zero and
may be ignored.

Fix a block By, a common center label ¢, and a local labeling 1, with ¢,(O) = ¢. Order the children
assigned to this block as

Z/lg = {ul, . ,um}.
For each child u;, the local labeling fixes the labeled adhesion state

Du; = Velo(uy)-

If o, ¢ C;(uj ), then this local labeling 1, is infeasible for the block. Otherwise the child may contribute any
label set L, C [k] with
Ju; (Puys L, ) < 00.
Define the child-knapsack table _
Kj (L)

for 0 < j <mand L C [k]. Tts value is the minimum cost of the local owned edges together with the first j
child subtrees, using overall label set L. Initialize

co(e), L= N),

0, otherwise,

K, (1) {

where
A(We) == {e(A) : A € Ag}.
For j=1,...,m, set

K (L) = ~ (KH L)+ fu (0u . L )
2, (L) L'Q[kr]r,ugug[k] 20y (L) + fu; (Puy, L)
L=L'UL,

If pu, ¢ L;(uj ), equivalently all terms involving u; are oo.
The block table records the best value for each induced parent-adhesion restriction. Let

ne(Ve) = YeloynB, -
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Define

Gi(n,L) == min KY(p)y.
Z<n ) Ye:Ag— K] fﬂ/)e()
Ye(0)=q
ne(Ye)=n

The number of possible pairs (n, L) is k°%). Indeed, L C [k], and by niceness the parent adhesion o(t)
intersects at most one non-center part; inside any block, its restriction is therefore determined by labels on at
most 2k atoms.

It remains to combine the block tables. For the fixed center label ¢, define

Hi(n, L) :== Gi(n, L).
For j =1,...,p(D), define
H{(n,L)=  min (H{_,(n',L')+Gi(n",L")).

The union 1’ Un” is only meaningful when the two partial parent-adhesion labelings agree wherever both are
defined. In the present setting different non-center blocks are disjoint on o (t), and their only possible overlap
is on the center atom O, whose label is fixed to be the common value q.

After all blocks are combined, the entries

HZ(D)(m L)

with
n e L';(t)

contribute candidates to
ft (777 L) .

Taking the minimum over all common center labels ¢ € [k] and all compatible decompositions gives the value
for the table of ¢.

Every transition produced by these recurrences is sound. It chooses a compatible bag labeling, chooses
child solutions whose labeled adhesion states agree with the restriction of that bag labeling, pays exactly
the owned-edge cost at ¢, and unions the child label sets with the labels used on the bag. Since the child
adhesions partition among the blocks and owned edges are assigned to exactly one block, no child contribution
or owned-edge contribution is omitted or counted twice.

Now assume ©g ;) refines IIy. Label every atom of ©4) by its label under ¢*. This labeling is compatible
with D: the center atom O receives the giant optimum label, and the restrictions to the blocks O U P, agree
on O. For every child u, the induced adhesion state is exactly

¢*|U(u)a

and the chosen child label set is
By the inductive completeness invariant, the corresponding child table entry is finite and has the correct
value. Therefore the local block knapsacks and the final block knapsack include exactly the transition induced
by ¢* at t.

The running time is k9*) per local block, plus a linear scan over the children assigned to that block.
Each child is assigned to exactly one block, so the total child-processing time is

kO®) (1 + degt (t)).
The final block knapsack has k) states per block and p(D) blocks, hence costs
KW (14 p(D)).
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Thus all compatible labeled transitions for D are evaluated in time

KOW(1 4 p(D) + degf (t)).

5.9 The Fixed-Tree Algorithm

Let cgen be a sufficiently large constant depending only on the fixed implementations of the routines below,

and set
. nk A 6k—6 Cgen
Bgen 1= kA nL .

During FIXEDTREEDP, we count the total random-generation and selected-component scanning work:
geometric-gap operations, generated first-level elements, and A2 times the number of generated second-level
components. If this counter exceeds Bgen, the run returns co.

Algorithm 4 FIxepDTREEDP (G, k, s, A, (1, 5),T)

1: Preprocess T for LCA queries and Euler intervals.
2: Compute the owned edge sets Ey for all t € V().
3: Initialize the generation counter Z < 0.

4: for nodes t € V(1) in postorder do

5: Compute Ty = proj(T, B(t)).
6
7
8
9

Initialize all entries f;(¢q (1), L) to oco.
if |B(t)| < kq then
Enumerate all labeled partitions ¥ € Eg(t).
: Evaluate all standard transitions based on these bag labelings.
10: else N
11: Generate Ry first-level samples C' C E(Tjp(4)), increasing Z by the number of generation operations.
12: if Z > Bgen then
13: L return occ. N
14: for each first-level sample C' do
15: Compute R(C), build the quotient auxiliary graph, store owned-edge multiplicities, build
component-adhesion incidence lists, and mark heavy components.
16: Generate Ry second-level samples S C R(C), increasing Z by the number of generation
operations and by A2|S].
17: if Z > Bgen then
18: L return co. R
19: for each second-level sample S do
20: D + NICEDECOMPOSITION(t, T, C', §), using the quotient auxiliary graph and sending all
selected heavy components to the center.
21: if D # 1 then
22: L | Evaluate D using Lemma 52.
23: Truncate every entry larger than s to oc.

24: return fr (g, [K]).

The standard transition for a small bag is the labeled gluing transition defined above: for each enumerated
(NS Ei(t), choose compatible child states, union their label sets with A(¢), add the owned-edge cost, and
write the resulting value into the appropriate parent-adhesion state.

Lemma 53 (Fixed-Tree Correctness). For a fized tree T, Algorithm 4 never returns a finite value below
Me(G). If T crosses some optimum k-cut ¢* in at most 2k — 2 edges, then Algorithm 4 returns A\p(G) w.h.p.,
unless the generation counter overflows.
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Proof. Soundness follows by induction over the postorder traversal. Every finite entry is stored with an actual
witness labeling of v(¢). At an internal node, a transition glues actual child witness labelings to an actual
bag labeling, and all labels agree on the adhesions. Since the edge sets E¢ partition E(G) by ownership, the
transition value is exactly the number of cut edges owned in the subtree rooted at ¢. Therefore every finite
root value with label set [k] is the value of an actual k-cut of G, and is at least A\;(G). If the generation
counter overflows, the algorithm returns oo, which is also not a finite underestimate.

Now suppose that T crosses an optimum labeled k-cut ¢* in at most 2k — 2 edges. For every node ¢, the
restriction ¢*|, ) lies in E;(t). We prove by induction over the postorder traversal that the optimum-induced
entry is retained at every node, provided the required good guesses exist and the counter does not overflow.

At a small bag, ¢*| B(t) € Eéi(t), so the standard restricted transition enumerates the optimum bag labeling.
At a large bag, if the first-level separating-family event succeeds, Lemma 44 gives a first-level guess C that
contains the true projected cut set and avoids the projected small-side internal edges. If the second-level event
also succeeds, Lemma 48 gives a second-level guess S containing the true small-side components and avoiding
both their auxiliary neighborhood and the chosen center anchor. The heavy-component rule does not remove
any true small-side component by Lemma 50. For this good pair, Lemma 51 returns a nice decomposition
whose refinement © ;) refines the optimum bag partition, and Lemma 52 evaluates the optimum-induced
transition.

Thus the optimum-induced entry is retained at every node. At the root this gives a value at most A\x(G).
Together with soundness, the root value is exactly A;(G). The separating-family events hold simultaneously
w.h.p., so the claim follows. [

Lemma 54 (Fixed-Tree Running Time). For a fized tree T, Algorithm 4 runs in time
O (m + KW A6 L7V

Proof. The bound is deterministic, because the generation counter is charged for the actual work spent on
random generation and selected-component scanning. If the counter exceeds Bgen, the algorithm stops.

Preprocessing T costs O(nL/O\(l)). Computing top(v) for all vertices and then assigning each edge uv to
the deeper of top(u) and top(v) costs

0<<m +3° |ﬂ<t>|>L‘Z<”> = O((m + An)LJ™M).

Since the graph is sparsified, m = O(sn) < O(An).
The projected trees Tg(;) are computed using Lemma 40. Their total construction time is

0 (Z(l +18(0) log Iﬁ(t)|)> — 0(AnI§Y),

t

which is dominated by the claimed bound. R
For a fixed large bag t and first-level guess C, Lemma 50 gives quotient-construction cost

o[ kW (s +1E71+ > lo()f? | LY
w€Echildren(t)U{t}

There are Ry = kO®A2*=2[, first-level guesses per large bag. Summing over all nodes and using
Y IB) =0(An), D || =m=0(sn) < O(An),
7 t

and

> > lo(w)? <0(A) ) > |o(u)] = O(A™n),

t  wuechildren(t)U{t} t wuechildren(t)U{t}
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the total quotient-construction cost is
O(k:o(k)nAQkLg(l)),

which is dominated by O(ko(k)AGk*GnLg(l)) for k> 2.

~

For a joint guess (6’, ), Lemma 50 gives post-quotient cost
O(KOW (1 +degf (1) + AIS)LEY)

The term A2|§ | is charged to the generation counter.
The resulting nice decomposition is evaluated, by Lemma 52, in time

KOW (14 p(D) + deg? (1))

Every non-center part contains at least one selected component, and distinct non-center parts contain disjoint
selected components, so p(D) < |S|. Thus the p(D) term is also charged to the counter. The uncharged work
per joint guess is k°®*) (1 4- deg (t)). There are

RlRQ _ ko(k)A6k76L?\
joint guesses per large bag. Hence the total uncharged large-bag work is
1) (kO(k)AGk—GL/?(l) Z(l + degj(t))) _ O(ko(’“)AGk‘Gan(l)).
t

For small bags, Lemma 40 gives at most k°*)A2*=2 labeled feasible bag partitions. For a fixed bag
labeling 1 and child u, the adhesion state 1|, (,) is fixed, and only the 2% possible label sets L, need be
considered. Thus the standard transition for a fixed v is evaluated by a knapsack over the children of ¢, in
time

KOW(1+ degf (1) + | E7)),

where |E7| accounts for computing cost,(¢)). Hence the total small-bag cost is
o (ko(km%—? > (1 +degf(t) + E§|)> = O(k°MA*1n),
¢

which is dominated by O(k?*)A6%=6p) for k > 2. Combining all terms proves the claimed running time. [J

5.10 Generation Overflow Probability

Lemma 55 (Generation Overflow Probability). For a fized tree T, Algorithm 4 does not return oo because
of the generation counter w.h.p.

Proof. All Bernoulli subsets are generated by geometric gaps between included elements, so the time spent
on random generation is linear in the number of samples plus the number of generated elements.

For first-level samples, each large bag t generates Ry = kO®)A?=2L, subsets of F (Tsr)), with inclusion
probability p; = O(1/A). Let Z; be the total number of selected first-level projected edges over all large bags
and all first-level samples. Then

E[Z1] = Rip: Z |E(Ts)| = O(kO(lc)Amc_gnLA)7
t

using >, [E(Tp())| = O(An). By a Chernoff bound, Z; < O(ko(k)AQk_2nLg(l)) w.h.p.
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For a first-level sample C, we have |R(C)| < |C| + 1. Therefore, on the above high-probability event,

STIR(E)] < Ru|V(7)| + Zy = O(kOF A2 L),
t,C

Condition on the first-level samples and on this event. The second-level samples are independent Bernoulli
samples over the fixed component universes R(C). Each such sample uses inclusion probability p, = ©(1/A?),
and there are Ry = kOW A% —4L, samples for each first-level guess. Let Z5 be the total number of selected
second-level components. Its conditional expectation is at most

E[Z] < Ropa Y [R(C)] = O(kO®IAF=Sn [ 7).
t,C

Thus, by another Chernoff bound, Z; < O(ko(k)A%_snLg(l)) w.h.p.
The overhead of geometric-gap generation is deterministic once the number of bags and samples is fixed.
It is bounded by
O(Ri|V (7)| + RiRo|V (7)]) = O(kO®) ASk =65, L9,

The remaining charged work is linear in Z; + A?Z,. Combining the high-probability bounds above gives
Zy + N2 Zy < O(KOW A6, L)

w.h.p. Hence the generation counter stays below Bgen, w.h.p. O

5.11 Sampling a Respecting Tree

Lemma 56 (Respecting-Tree Sampler). In time O(m/€2), one can compute an implicit nonnegative tree
packing y and hence a distribution

yr
m(T) := S o
T 91’

over the trees in its support. A support tree can be sampled from m with polylogarithmic overhead beyond
accessing its implicit representation. If € < 1/(2k — 1), then for every optimum k-cut A*,

2k — 1)
Pr{|[E(T)NA*|<2k—-2|>1— —~— 2 .
Lo BT na| < |2 2k—1)(1—¢)
For e = 1/(8k), this probability is at least 1/(4k).

Proof. Apply Lemma 12 with 7 = ¢, and sample from its normalized tree weights.
Fix an optimum k-cut A*, let

2(E)
D :=|E(T)Nég(A%)], = .
Feasibility and (2) give
E[D] < A (G) + 2(E)
T
1+
< 1
< (k )(1—6)/2+x
2(k—1)
1—ce€
Since D is integral,
E[D]
< .
Pr[D > h] < 1



Taking h = 2k — 2 proves
2(k-1)
2k—1)(1—¢)

For e = 1/(8k), this is at least 1/(4k). O

Pr[D<2k—2]>1-

Corollary 57 (Sampled Respecting Tree). Fiz an optimum k-cut A*. With e = 1/(8k), sample cklogn
independent trees from the distribution of Lemma 56, for a sufficiently large constant c. Then, with probability
at least 1 — n=) | at least one sampled tree T' satisfies

|E(T) N A*| < 2k — 2.

Proof. Each sample succeeds with probability at least 1/(4k). Therefore the failure probability after cklogn

independent samples is at most
cklogn
1
(1 — 4]{:) < exp(fg logn) =n ¢4,

5.12 The Full FPT Algorithm

Algorithm 5 FPT-MINKCuUT(G, k, s)

Input: Unweighted multigraph G, integer k > 2, parameter s > A\, (G).

Output: A minimum k-cut of G with high probability.

: Apply Nagamochi-Ibaraki sparsification with threshold s + 1.

if G has at least k connected components then

| return the zero-value k-cut obtained by refining connected components.

if G has 1 < h < k connected components then

L Solve the connected components independently for all feasible requested part counts and combine

them by the component DP described above.
return the best combined cut.
Run Theorem 35 with cut parameter s, and let A be its adhesion/unbreakability parameter.
Let (7, 3) be the resulting decomposition.
Set € + 1/(8k).
10: Compute the implicit distribution 7 from Lemma 56.
11: Set L + Cklogn for a sufficiently large absolute constant C'.
12: best < 0o, and Chegp — L.
13: for j =1 to L do
14: Sample a tree Tj ~ .
15: val; <~ FIXEDTREEDP (G, k, s, A, (7, 3), Tj).
16: if val; < best then
17: L best <— val;, and store the corresponding witnessed cut as Chest.
18: return Cheg.

Theorem 58 (FPT Min k-Cut Algorithm). Given an unweighted multigraph G with |E(G)| = mo and
integers k,s with s > A\ (G), Algorithm 5 returns an optimum k-cut w.h.p. Its stored value is never finite
and smaller than A\,(G).

In terms of the decomposition parameter A, its running time is

O (mo + KOWI A6 JV))
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Since A = O(slog® nloglogn), this is
O(myg) + kPR 5556010612812 1 (log log ) 50 1og® M) (k(n + s + 2)).
In particular, when s < n®W | this is
O(mg) + KO k) g6k=6, log12k+o(1) n(loglogn)®* 5.

Proof. By Definition 37, after sparsification we have m = O(sn) and all cut values up to s+ 1 are preserved,
this takes O(myp) time. Since every finite value maintained by the algorithm is truncated at s, every finite
witnessed cut has the same value in the sparsified graph and in the original graph.

The decomposition step takes

O(m+ An) = O(An)
time. By Lemma 56, the respecting-tree distribution is computed in time
O(m/e?) = O(k°Msn) < O(k°M An)

for e = 1/(8k).

Fix an optimum k-cut A*. By Corollary 57, w.h.p. some sampled tree T} crosses A* in at most 2k — 2
edges. For this tree, Lemma 53 and Lemma 55 imply that FIXEDTREEDP returns A\;(G) w.h.p. Every finite
value returned by any fixed-tree run is the value of an actual k-cut, and is therefore at least Ai(G). Thus the
best witnessed cut is optimum w.h.p. A union bound over all randomized subroutines gives success w.h.p.

By Lemma 54, each fixed-tree run satisfies

O((m + kO(k)A6k—6n)Lg(1)) _ O(kO(k)AGk—ﬁnLg(l))_

There are L = O(klogn) sampled trees, and this factor is absorbed into the k*) factor and the Lf(l) factor.
The disconnected-case reduction only solves vertex-disjoint and edge-disjoint components and combines their
values by a k(1) dynamic program, so it does not change the asymptotic bound.

Finally, substituting A = O(slog®nloglogn) and Ly = O(klog(k(n + s + 2))) gives

kO k=6 10612612y (log log 1) # =0 1og® D (k(n + s + 2)).

If s <nPW (e.g. for a simple graph), this simplifies to

1O (k) 46k—6 12k+0(1) n( 6k—6_

nlog loglogn)

6 Near-Linear Approximation for Min k-Cut

Our near-linear edge-unbreakable decomposition and the FPT algorithm of Theorem 58 imply a near-linear
approximation algorithm for A;. Following the framework of [LSS22], we first remove very small internal
2-cuts, then sample edges so that the sampled graph has small k-cut value, and finally solve Min k-Cut
exactly on the sampled graph.

Theorem 59. Let 0 < e < 1. Given an unweighted multigraph G = (V, E), there is a randomized algorithm
that computes a (1 + €)-approzimation of A\i,(G) with high probability in time

B AN
O(k°Mm) 4 kOF) (3> n log"® 18 n (log log n)®* 6 logo(l)(k(n +e ).
€

In particular, if et < nPW | this is

O(k°Dm) + (k/e)°®nlog®*+OW n(loglogn)®*°,
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Proof. Let
€ = €/10.

If G already has at least k connected components, then A;(G) = 0, and we return a zero-value k-cut.
Otherwise compute a 2-approximation A; to A (G) [SV95, Kar00], so

Me(G) < A < 2X0(G).

This preliminary step, and the minimum-cut computations below, take 6(k0(1)m) time.
Set

/

6 ~
T0 ‘= %/\k
For a graph H, define
AJ (H) :=min{\z(K) : K is a connected component of H with |V (K)| > 2},

with AJ (H) = oo if no such component exists.
Starting from G, repeatedly find a connected component K of the current graph with

)\Q(K) < To

and delete the edges of a minimum 2-cut in K. Stop when the graph has at least k connected components, or
when every connected component K with |V (K)| > 2 satisfies

)\2(K) > To-

Let the resulting graph be G;. Each deletion splits one connected component into two, and therefore increases
the number of connected components by one. Hence, before the graph has &k connected components, there
are at most k — 1 deletions. The total number of deleted edges is less than

/~
ko = %Ak < éXe(G).

If G; has at least k& connected components, take a zero-value k-cut of G;. When evaluated in G, this cut
uses only deleted edges, and hence has value at most

(@) < (1+ OM(E).
Thus assume from now on that Gy has fewer than k& connected components. Then
)\2+ (G1) > 0.
Sample every edge of G; independently with probability

100 logn }

=mind 1, — o
p mm{ E/Q}\;(Gl)

and let G5 be the sampled graph. By the cut-sampling lemma of [LSS22], applied independently inside each
connected component of G; and union-bounded over the components, with high probability every cut inside
every component is preserved after scaling by p. Therefore, with high probability, every k-cut C of G satisfies

(1- )ea, (C) < %CGQ (C) < (1+€)ea (C).

Indeed, a k-cut value in GGy is the sum of its contributions inside the connected components of G;.
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We now bound A (G3). Since

! 6/

’
MG >T0= <M > = M(G) > S
2 (Gl) Z 70 2k k = Qk k’(G) - Qk k(G1)7
if p < 1, then
~ 100logn < 200k logn
A (Gr) T BN(GY)
Therefore, on the sampling event,
klogn
Me(Ga) < (14 €)phi(Gy) = o( ef ) .
If p=1, then
1001ogn
A5 (Gh) < oz
and the same lower bound ,
€
A3 (Gh) > ﬂ)\k(Gl)
implies
klogn
)\k(GQ)—)\k(Gl)—O< ef >
Thus, with high probability,
klogn

Ak(G2) < s, 50 :=C

for a sufficiently large absolute constant C.

We solve Min k-Cut exactly on G5 with cut-size bound sg. First apply Nagamochi-Ibaraki sparsification
with threshold sg + 1. This preserves the minimum k-cut of Go, and the resulting graph has O(son) edges.
This takes O(|E(G2)]) < O(m) time.

On this sparsified graph, compute the edge-unbreakable decomposition with cut parameter sq. Its adhesion
and unbreakability parameter is

k
Ao = O(sglog® nloglogn) = O <3 log® nloglog n) .
€

The decomposition construction time is

O(son + Agn),
which is dominated by the exact FPT step.
By Theorem 58, the exact algorithm on G2 runs in time

O<k0(k)A8k76nLg(1)) 7

0

where

La, = O(klog(k(n + Ao +2))).
Substituting the value of Ag, this is

i\ 656
kO (3> n log™* 8 n (log log n)%+—¢ logo(l)(k(n +e ).
€

It remains to transfer the exact solution on Ga back to G. Let Cy be a minimum k-cut of G, and let C}
be a minimum k-cut of G;. On the sampling event,
1 ] CGQ(CQ) 1 ] CGQ(C{() < 1+¢€

Cy) < <
c6a 2)71—6/ p T 1-¢ P —1-¢
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Since G is obtained from G by deleting edges,
M (G1) < Xe(G).

Adding back the deleted edges can increase the value of any fixed cut by at most the total number of deleted
edges, which is at most € \;(G). Hence the value of C5 in G is at most

1+¢€
1—¢€

Me(@) +EN(G) < (1+ M@,

because ¢ = ¢/10 and 0 < € < 1.
Combining the preliminary approximation, the componentwise small-cut deletions, sampling, NI sparsifi-
cation, decomposition construction, and the exact FPT call gives the claimed running time. O

7 Algorithm for Min £-Cut

We now combine the FPT algorithm from the previous section, the weighted Min k-Cut algorithm of Section 3,
and the border/island framework of He and Li [HL22]. The algorithm first computes a constant-factor
estimate s = ©(A\,(G)). If s is small, we run the FPT algorithm parameterized by the cut value.

Otherwise, we apply border-preserving sparsification: an NI certificate H, a partition P, and a contracted
weighted multigraph G’ are constructed so that G’ has only O(n/s) vertices. Moreover, for every optimum
k-cut C, there is a subset of its singleton components that can be merged into non-singleton sides so that the
resulting lower-order cut is respected by P and appears as a low-weight cut of G’. We call this lower-order
cut a border of C, and the merged singleton vertices are the islands.

In the large-s regime, the algorithm guesses the number ¢ of singleton islands in the sparsified representation
of an optimum cut. If ¢ = 0, the entire optimum cut is represented inside G’, so we solve the corresponding
weighted Min k-Cut instance on G’. If ¢ > 0, we enumerate the (k —¢)-cut border in G’, lift it using the stored
edge bundles, and then complete the cut by extracting the best ¢ singleton islands from the lifted border.
The cases ¢ = 1,2 are handled by specialized routines, while ¢ > 3 is handled by a matrix-multiplication-based
island routine. Balancing the FPT branch against the largest large-s branch yields the final exponent.

Throughout this section G = (V, E) is a simple unweighted graph on n vertices. We write A\, = A\;(G).
We begin with some preliminaries exclusive to this section.

Definition 60 (Border and Islands [HL22, Definition 1.2]). Given a k-cut C with exactly r singleton
components, denote the singleton components by S; = {v1},...,5, = {v.}, and denote the remaining
components by S;11,...,S5c. A border of C' is obtained by merging some singleton components into non-
singleton components. More precisely, choose a subset I C [r] and a function n : I — [k] \ [r]. For each
a € [k]\[r], set S, := S, U{v; : j €I, n(j) = a}. The corresponding border is the (k — |I|)-cut consisting
of the parts S/, for a € [k] \ [r], together with the unmerged singleton components S; for j € [r] \ I. The
vertices {v; : j € I'} are called the islands of this border.

Definition 61 (Minimum Vertex-Weighted Triangle). Given a graph G = (V| FE) and an integer vertex-
weight function W : V' — Z, the Minimum Vertex- Weighted Triangle problem is to find a triangle {u,v,w}
minimizing

W(u) + W(v) + W(w).
Theorem 62 (Minimum Vertex-Weighted Triangle [AF26, Corollary 2]). Let MM(n) denote the time for

multiplying two n X n matrices. In an n-vertex graph whose integer vertex weights have absolute value at
most W, a minimum vertez-weighted triangle can be found in time

O(MM(n)log W).
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Definition 63 (Matrix Multiplication Exponents). The square matrix multiplication exponent w is the
infimum over all real numbers p such that two n X n matrices can be multiplied using

nPto)
arithmetic operations.

More generally, for a,b,c > 0, the rectangular matrix multiplication exponent w(a, b, ¢) is the infimum
over all real numbers p such that an n® x n® matrix can be multiplied by an n® x n¢ matrix using

np+o(1)
arithmetic operations. In particular,
w=w(l,1,1).

We use the standard symmetries and homogeneity of rectangular matrix multiplication following from
permutation of the indices and considering n® instead of n for some scalar «:

w(a,b,c)
is invariant under permutations of a, b, ¢, and for every a > 0,
w(aa, ab, ac) = aw(a, b, c).
We speed up Theorem 62 on tripartite graphs of different part sizes.

Lemma 64 (Rectangular Minimum Vertex-Weighted Triangle). Let F' be a tripartite graph with parts A, B, C,
where
Al <n®, Bl <n’, |0 <0

Fixz any exponent
w(a,b,c) > w(a,b,c).

If the integer vertex weights have absolute value at most n®M), then one can deterministically find a triangle
minimizing the sum of its vertex weights in time

pPab.e)

The proof of Lemma 64 is given in Appendix B.
For r > 3, define

We fix exponents R
D(r) > w(ry,re,r3).

For the three base cases, choose fixed constants satisfying

w(l,1,1) < 2.371339 < B(3) < 2.37134,
w(1,1,2) = w(1,2,1) < 3.250385 < B(4) < 3.250386,
w(1,2,2) =w(2,1,2) = 2w(1,1/2,1)
< 4.085988 < B(5) < 4.085989.
The first inequality is from [ADW™25]; the remaining rectangular bounds are from [WXXZ24].

For r > 6, define N N R
O(r) :== O(r — 3) + ©(3).
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The recurrence is justified by combining an algorithm for the (7,72, r3)-rectangular product with square
matrix multiplication on the n x n block level. Thus

(/I;(’I‘) > w(ry, o, r3)

for every r > 3. The sequence is nondecreasing by induction.

Algorithm 6 Island Discovery

Input: A simple unweighted graph F' on at most n vertices, and an integer r > 3
Output: A minimum-cost set I C V(F) of r singleton islands
1: Let

VJ r+1 VW

r=|= ro = rg=|=|.

1 3 ) 2 3 ) 3 3

2: Construct fixed vertex sets Vi, Va, Va. For each j € {1,2,3} and each set S C V(F') of size rj, create a
vertex xg € V.

3: Give xg weight
Wias) = Y degp(v) — en(S).

vES
4: for each triple (e12, a3, e31) with 0 < ey < 7,73 do
5: Let Fe/1275237331 be the tripartite graph on Vi, Vs, Va3 with an edge between zg, € V, and xg, € V; iff

Sa N Sb = @ and GF(SQ, Sb) = €gb-
6: Find a minimum vertex-weighted triangle (zs,,rs,,s,) in F, , ., .. using Lemma 64.
7 Evaluate the corresponding island set I = .S; U S U S35 by

3
Z W(xs;) — (e12 + e23 + €31).
j=1

8: return the island set of minimum value over all guesses.

Lemma 65 (Island Discovery). Algorithm 6 returns an optimal set of r singleton islands in time
EO(k),2(r)

for every r > 3.
Proof. For a set I C V(F'), |I| =, the additional cut cost of extracting I as singleton components is
cost(]) = ZdegF(v) —ep(I).
vel

Indeed, the degree sum counts every edge from I to V(F') \ I once and every edge inside I twice, while each
edge inside [ is cut only once.
Partition I into three disjoint sets

1251USQUS37 |Sj|=’f’j.
Then

cost(I) = Z Z degp(v) —er(S))

Jj=1 ’UESj
— (eF(Sl, Sg) + €F(Sg, 53) + eF(Sg, Sl))

Thus, after fixing the three cross-edge counts

€12, €23, €31,
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minimizing the island cost is exactly a minimum vertex-weighted triangle problem in the auxiliary tripartite
graph. Conversely, every triangle in this auxiliary graph consists of three pairwise disjoint sets with the
guessed cross-edge counts and therefore gives a valid r-island set with the displayed cost. Taking the minimum
over all guesses is correct.

The auxiliary parts satisfy

P () P,

J

and the auxiliary weights have absolute value at most kn. Therefore, by Lemma 64, each triangle step runs
in time O(n®(). The number of cross-edge guesses is

H (rary + 1) = k0.

1<a<b<3

It remains only to account for the construction of the auxiliary graphs. After building an adjacency table
for F, the disjointness and cross-edge count for a pair of sets can be computed in k°() time. The largest
pair table has size n"27"s. We claim R

ro + 13 < O(r). (1)

For r = 3,4, 5, this follows directly from the chosen values:

~ ~ ~

2 < ®(3), 3 < ®(4), 4 < P(5).
For r > 6, use the recurrence R N .
O(r) = &(r — 3) + ©(3).

When r is increased by 3, the quantity ry + r3 increases by 2, while ®(r) increases by ®(3) > 2. Hence (1)
follows by induction from the cases r = 3,4, 5.
Thus all auxiliary vertices and auxiliary edges can be generated in

kO(k)ni(r)

time, and the same bound holds for the full algorithm. O

Lemma 66 (Border-Coupled Island Extension). Let B = (B, ..., By) be a candidate {-cut border of G, and
let i =k —£. Suppose i > 3. Among all k-cuts obtained from B by extracting exactly i singleton islands from
the border components, the optimum extension can be found deterministically in time

EOk) 2 ()
Proof. Fix a vector
(i1, .., 10)
of nonnegative integers with
i 4 i =i

Here i; is the number of singleton islands extracted from B;. We discard vectors for which i; > |Bj;|, since
the residual component B; \ I; must remain nonempty.

For a fixed border component Bj, extracting islands I; C B; changes the border value only through edges
internal to G[B;]. The additional cost is

> deggyp, (v) — eais, ().

vel;

Thus, for fixed i;, the optimal choice of I; is exactly the i;-island problem on G[B;]|. Moreover, for the fixed
vector (i1, ...,4¢), the choices in different border components are independent and their additional costs add.
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If i; > 3, Lemma 65 solves the subproblem in time
kO(k)|Bj|3><m < KOR) B

Here we use that ¢; <7 and that the chosen sequence ZI;() is nondecreasing. If i; € {0, 1,2}, brute force costs
at most O(|B;|?), which is at most

0(n%) < O(n®"),

because ¢ > 3 and (I\)(z) > 6(3) > 2.
Therefore, for one fixed vector (i1, ...,4,), all component subproblems can be solved in time

3 OK) B ()

The number of feasible vectors is at most

<i+£_1) < kO,
(-1 -

Taking the best extension over all vectors gives the claimed running time and proves correctness. O

Lemma 67 (Border-Preserving Sparsification). There is a randomized algorithm which, given a simple graph
G and an upper estimate s = O\, (GQ)) with \x(G) < s, computes a subgraph H C G, a partition

P={P,...,Pn}

of V(G), and the contracted multigraph G’ obtained by contracting the parts of P in H, with the following
properties w.h.p.:

1. H is an NI certificate at threshold s + 1. In particular, every vertex partition of H-value at most s has
the same value in G.

N =O0(n/s).
|E(H)| = O(sn).
G’ has O(sn) edges, counted with multiplicity.

The edges of G' store edge bundles: each edge of G' stores the list of H-edges it represents.

S S e e

For every minimum k-cut C' of G, there is a border By, of C, with i := |I|, that is respected by P, and
whose contraction is a (k —i)-cut of G’ of weight at most

(- () e

6(k0(1)m) + kO®F)p 10g18k+0(1) n(loglog n)6k*6.

The running time is

Proof. First compute a Nagamochi-Ibaraki certificate H using the first s + 1 forests. Thus H C G,
|[E(H)| = O(sn), and cuts of value at most s are preserved as desired.
Then compute the approximation required by the sparsification framework of He and Li [HL22] using
Theorem 59. This takes
O(k°Mm) + k°F n1ogt®*+O0M) p(log log n)®# .

After the NI certificate is available, apply the Kawarabayashi-Thorup partitioning [iKT18] and the
trimming/shaving operations of He and Li [HL22] to obtain P. Contract the parts of P in H to obtain G'.
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Since |E(H)| = O(sn), the contracted multigraph has O(sn) edges counted with multiplicity. During the
contraction, store with each edge of G’ the list of H-edges it represents.
The guarantees _
N =0(n/s)

and the stated border-preservation property are exactly the guarantees of the He-Li border-preserving
sparsification, with the approximation step replaced by Theorem 59. All steps after the approximation run in
near-linear time on H and H C G, thus in O(m) time. O

We give a variant of the following approximate minimum cut enumeration algorithm to enumerate borders.

Theorem 68 (Enumeration of Near-Minimum k-Cuts [GHLL21, Theorem 20]). Let G be a weighted undirected
graph. For each k > 3 and o > 1, there is an algorithm that enumerates all k-cuts of weight at most aXy in
time

nak(log n)o(ak2)

with probability at least 1 — 1/ poly(n).

Lemma 69 (Border Enumeration). Let Q be an N-vertex weighted undirected graph, let 2 < £ < k, and
put p := ak. Suppose that p > €. When N >k, assume additionally that A\ (Q) > 0. If N > k, there is a
randomized procedure which, with high probability, outputs every (-cut of Q of weight at most aXg(Q). Its
running time is

kO @k NP (log(N + 2))0 @), p>3

O(EQ)) +
NP exp(O (pk log(k + 2)+/log(N + 2))) , 2<p<3.
In particular, for fized k and p, the second bound is NP+o(1),

If N < k, the procedure outputs all {-cuts deterministically in O(|E(Q)|)+k°®) time. Cuts are represented
by their terminal partitions and contraction histories.

More generally, for any 0 < § < 1/2, the success probability can be made at least 1 — & by multiplying the
displayed running time by O(log(1/9)).

Moreover, the procedure can maintain input-edge bundles throughout the contractions. When requested,
it can output with a listed cut the input edges crossing that cut, in additional time linear in the size of the
requested list.

Proof. If N < k, then either N < ¢, in which case there is no ¢-cut, or we enumerate all ¢-partitions of V(Q).

There are at most
N < Kk
such partitions, proving the last assertion about this case. Henceforth assume N > k.

Fix a target ¢-cut C, let J := 0oC, and suppose

() < aM(Q) = TAK(Q).

We repeatedly use the following consequence of [GHLL21, Theorem 17]. Suppose that H is an r-vertex
contraction minor of () obtained without contracting an edge of J, and let Jy be the surviving image of J.
Since contraction can only restrict the collection of k-partitions,

Ae(H) 2 M(Q), e(Ju) < e(J).

Consequently, if

then agk < p. Therefore, whenever
r > s > 8pk + 2k,
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random contraction from r to s vertices preserves Jy with probability at least

(%) "wmown. )

We use here that the target J need not be the boundary of a k-cut.
We first handle p > 3. Run the recursive-contraction algorithm in the proof of [GHLL21, Theorem 20],
using the sizes

N, = [max {N(Q/P)j, 2opkH

)]

independent contraction children at level j. The condition p > 3 gives

and

>

[NJlst
| w

in the depth and running-time calculation of that proof.
The proof applies without change after replacing its fixed k-cut boundary by J, because its survival
estimate is (7). At a terminal graph, enumerate all ¢-cuts instead of selecting a k-cut. Each terminal graph

has O(pk) vertices, so this costs at most
(OPk) < LO(Pk)

per leaf. The small-)N branch and the terminal-enumeration factor are absorbed exactly as in the proof of
[GHLL21, Theorem 20]. Accounting for the terminal enumeration gives

kOPR) NP (log(N + 2))©#F)

total time and high-probability coverage of every target cut.
It remains to handle 2 < p < 3. This is the endpoint at which the preceding schedule ceases to make
sufficiently rapid progress.
Set
T := [8pk + 2k]

and choose an absolute constant Cy large enough that (7) is at least

6(2)", =k

r

If N < 7, enumerate all ¢-cuts directly. Since 7 = O(pk) and p < 3, this costs kO®) | which is covered by the
claimed bound.
Suppose now that N > 7, and define

¢ = max {2, exp(W)} , b:= [21/,*1(20)17} .

At an r-vertex recursion node with r > 7, independently run b contractions down to

-

vertices and recurse on all resulting graphs. At a leaf, enumerate all /-cuts of the terminal graph.
Consider a recursion node reached without contracting J. We have r/s < 2¢, so every child preserves J
with probability at least

P(2¢)7P.
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It follows that the probability that at least one of its b children preserves J is at least
1—(1- 1/)(2c)*p)b > 1 —exp (—by(2c)77)
>1- e 2.
The recursion has depth

L< {mgcﬂﬂo(m}

Thus one execution lists a fixed target C' with probability at least

(1-e ) = exp(-0(Viog(N +2))) . (8)

We next bound the number of target cuts, in order to amplify (8) simultaneously for all of them. Perform
one ordinary contraction from NV to 7 vertices. Every target survives with probability at least

T\P
v(%)
whereas a terminal graph contains at most ¢7 distinct ¢-cuts. Moreover, distinct target cuts that both survive
induce distinct terminal cuts. If C denotes the family of target cuts, linearity of expectation therefore gives

clv () <

Consequently,
R IC| < NPEOPR), (9)

Repeating the blocked recursion
exp (O( log(N + 2))) poly(p, k,log(N + 2))

times and applying (9) and a union bound therefore lists every target with high probability.
It remains to bound the work. Write

B:=0(y~'2"),
so that b < BcP. At depth 7, the recursion has at most &/ nodes, each with

O<N —|—7’>
cJ

vertices. A contraction trial on an r-vertex weighted graph takes O(r?) time after parallel capacities have
been aggregated. The contraction work at depth j is consequently bounded by

0<bf+1 (Z+T)2>.

2 .
b (J\j) < N?Bc® (Bc~?)” .
C

For the first term in the square,

Since p > 2, this sequence is maximized at the last level. Using ¢ = (N/7)c®(), we obtain
L-1 N 2
Z byt (J) < NP exp(O(pk log(k + 2)+/log(N + 2))) :
c
3=0
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The terms involving 7, as well as the

bher
terminal enumeration work, satisfy the same bound. The repetitions needed above only enlarge the constant
hidden in the exponential. This proves the asserted running time when 2 < p < 3.

Finally, we maintain the edge bundles. Initially, associate every input edge with a singleton bundle.
Represent a merged bundle by a binary node whose children point to the two previous bundles. Thus merging
parallel edges creates a new bundle in O(1) time without copying its contents; bundles that become self-loops
are simply discarded from the current graph. At a terminal cut, the bundles of its crossing terminal edges
form a disjoint representation of exactly the crossing input edges. Flattening these bundles therefore takes
time linear in the requested output size. O

Lemma 70 (Enhanced border enumeration). Consider an invocation of Lemma 69 on the contracted graph
G’ produced by Lemma 67. Precompute

dy(v) := degy (v) (v e V(Q)).

The contraction process can maintain the following information.
For every current vertex x, representing a set X, C V(G), store:

1. size(z) := | X.|;
2. the two vertices of X, having minimum dp-value, or all of X, if | X.| < 2;
3. if | Xz| = 2, a pair of distinct vertices a,,b, € X, minimizing
dr(az) +dg(be) — pr(az, by),
where pg(u,v) is the number of H-edges between u and v.

For every current edge xy, store, in addition to its edge bundle, an original edge uv in that bundle
minimizing dg(u) + dg (v) — pg (u,v).

All this information can be maintained with constant work whenever two current vertices or two parallel
current edges are merged. At a terminal £-cut, for each side one can compute its represented size, its two
minimum-degree representatives, and its optimum stored pair in k) time. The side itself need not be
materialized.

Proof. The initial values are obtained by one scan of the vertices and edges of H. Suppose that current
vertices z,y are contracted to a vertex z. Then

size(z) = size(z) + size(y),

and the two minimum-degree representatives of z are the two smallest members of the two stored representative
lists.
The optimum pair in X, U X, is the best of four possibilities:

1. the stored optimum pair of x;
2. the stored optimum pair of y;

3. the best original H-edge in the current xy-bundle;

=

. the pair formed by a minimum-degree representative of = and one of y.
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Indeed, a pair using two vertices of the same represented set is covered by the first two cases. For a cross
pair v € X,, v € X, an adjacent pair is covered by the third case. If u, v are nonadjacent, the fourth case has
degree sum no larger than dg(u) + dg(v). If its two representatives happen to be adjacent, the corresponding
edge candidate is only better after subtracting its multiplicity. Thus one of the four candidates is optimal.

When parallel current edges are merged, their best original-edge records are combined by taking the
better of the two. Hence every update takes constant time.

A terminal cut has O(ak?) = k°() current vertices. For one of its sides, combine the vertex records and
the current edges whose endpoints lie on that side by the same rule. This yields its size, representatives, and
optimum pair in k9 time. No original vertex set is expanded. ]

Lemma 71 (Few Islands Extraction). Let H C G be the certificate produced by Lemma 67, and assume that
the metadata of Lemma 70 has been initialized. Let B' be a candidate border in G', given by its terminal

contraction state, and let
B=(By,...,B)

denote its implicit lift. Suppose that the list of H-edges crossing B has size at most s.

For i =1, one can return the minimum-value one-island extension among those whose total H-value is
at most s, or report that none exists, in O(s + ko(l)) time. For i1 =2, one can return the minimum-value
two-island extension among those whose total H-value is at most s, or report that no such extension exists, in

O(s? + KOW)

time. The returned extension is represented implicitly.
If the returned extension has H-value at most s, then it has the same value in G. It can be materialized
as a partition of V(G) in O(n) time when requested.

Proof. Write
Wo = |6u (B)]-

Expand the crossing bundles and mark every crossing H-edge with the current timestamp. Its endpoint
occurrences identify the implicit border component containing each touched vertex. For a touched vertex v,
let

b(v) :=[En (v, V \ B(v))],

where B(v) is its border component, and let
T :={v:b(v) > 0}.

Then
IT| = O(s), Z b(v) = 2Wy = O(s).
veT

Define the additional singleton cost

e(w) = dg(v) —=bw), veT,
" ldg(v), vegT.

One island. For every component X with |X| > 2, evaluate its stored minimum-degree representative,
using its adjusted cost if it is touched. Also evaluate every touched vertex in X. An untouched optimum
has cost dy(v) and is dominated by the minimum-degree representative; a touched optimum is explicitly
evaluated. Hence the best feasible candidate is optimal. Return the best candidate only if its total value
Wo + ¢(v) is at most s; otherwise report that no qualifying extension exists.
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Two islands. If W, > s, no qualifying extension exists. Otherwise put
R:=s— Wo.

We seek the minimum additional cost at most R.

For pairs in distinct components, compute the cheapest feasible singleton of every component X with
|X| > 2, using its stored representatives and its touched vertices. The best distinct-component pair consists
of the two cheapest values belonging to different components.

Now consider a component X with |X| > 3. For distinct u,v € X, their additional cost is

c(u) + c(v) = pa(u,v). (10)

Evaluate the stored optimal pair of X, replacing dy by the adjusted value ¢ at touched endpoints. This
dominates every pair with no touched endpoint: before adjustment it is globally optimal, and adjustment can
only decrease its value.
It remains to cover pairs with a touched endpoint. Such a pair can have additional cost at most R only if
its touched endpoint u satisfies
clu) <R+ 1.

Let
T :={ueT:clu) <R+1}.

Then
D du(u) =Y (b(u) +c(w) <> bu) + (s + 1)|T| = O(s?).

ueT* ueT* ueT

For every component X, retain the two cheapest distinct vertices among its touched vertices and its two
stored minimum-degree representatives, using adjusted costs. For every u € T* N X, scan the H-adjacency
list of u. An incident edge is internal to X exactly when it was not timestamped as a crossing edge. Evaluate
every internal adjacent pair using (10). Also evaluate every retained candidate different from w that was not
encountered as an internal neighbor.

These candidates dominate every omitted nonadjacent partner. Let v # u be such an omitted nonadjacent
partner. There is a retained candidate w # u with ¢(w) < ¢(v). If uw ¢ E(H), the algorithm evaluates

c(u) + c(w) < c(u) + c(v).
If ww € E(H), the adjacency scan evaluates
c(u) + c(w) — 1 < e(u) + c(v).

Thus the fact that both retained representatives might be adjacent to u causes no gap: one of those adjacent
pairs is then strictly better than the omitted nonadjacent pair.

The total adjacency-scan time is
0 (Z dH(u)> = 0(s?).

ueT™*

The algorithm therefore finds the minimum qualifying two-island extension or correctly reports that none
exists. O

7.1 Main Algorithm

We will use the following fact about cf(?") For every r > 4,

. ~ 4 .y
d(r) < D(4) + 6(7“77) < 3.250386 1 U =4
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For r = 4, the first inequality is equality. For r = 5, it follows from

~ 6 - 6
B(5) < 4.085980 < 3.250385 + = < B(4) + -

For r = 6, it follows from

~ 12 = 12
20(3) < 4.74268 < 3.250385 + - <P(4)+ -
The remaining cases follow by induction, because
~ ~ ~ ~ 18
O(r+3) =0(r)+ ®(3) < O(r) + =
Define )
— k=3
1227 )
797 k= 4a
Ok =3 1+ 2.37134 - (2)
26 -
k 4+ 3.250386 — 57 k> 6.
7k —10
Let
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Algorithm 7 Minimum k-Cut

Input: Simple unweighted graph G = (V, E), integer k > 3
Output: A minimum k-cut of G

=
=

11:
12:
13:
14:
15:
16:
17:
18:

19:
20:
21:
22:

23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
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if |[V| =k then

: | return the all-singletons k-cut.

Compute a 2-approximation s of A\, (G) [SV95, Kar00].

if s =0 then

| return a zero-value k-cut obtained by grouping connected components

Set 7 := nf.

if s <7 then

| return the output of Theorem 58 on G with cut parameter s.

Apply Lemma 67 to obtain H,P,G’, where G’ has N = O(n/s) vertices and O(sn) edges.

metadata of Lemma 70.
Initialize Chest < L and wpest < 00.
if |V(G")| > k then

Lift C’ to a k-partition C of V(G) and compute its H-value w.
if w < s then

|| Set Chest < C and Whest < w.

fori=1tok—1do

Set 0 ‘
i
b:=k—1 s o=1—(1— —.
" b ( logn) k
if / =1 then
‘ Let £; consist of the trivial one-part border of G'.
else

Run the appropriate form of border enumeration on G’, amplified to failure probability n
where n is the order of the original graph:
if i <2 then
‘ Use Lemma 70
else
L Use Lemma 69
| Let £; be the resulting family of candidate borders
for each candidate border B’ € £; do
if i <2 then
Keep the lift implicit in the terminal contraction state and its side metadata
Flatten the crossing-edge bundles, stopping after s 4+ 1 edges
if more than s crossing edges are found then
| continue
Apply Lemma 71
if no qualifying extension is returned then
L continue
Let C be the implicit output and w its H-value
if w > s then
L continue
else
Materialize the lift B = (B, ..., By)
Apply Lemma 66 to obtain C', and set w := |[d¢(C)|
if w < wpest then
| | | Store the representation of C' and set wpest — W
: Materialize Chest, if necessary, and return it.
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Compute dy(v) for all v, construct the adjacency lists of H, and initialize the vertex and edge-bundle

Run Theorem 19 on G’, amplifying the success probability, and obtain a minimum k-cut C’ of G’



Theorem 72 (Minimum k-Cut on Simple Graphs). For 3 < k < n, Algorithm 7 returns a minimum k-cut
of a simple unweighted n-vertex graph with high probability and runs in time

ko(k2)nE’“(logn)O(k2),

where 55
Es =2 Ey=—

3 5 4 19a

12
By =1+ J5(1+237134) < 4.112007,

and, for every k > 6,
k—1.749614

B =1+ (6k —6)~——

Proof. The 2-approximation gives
A (G) < s < 20:(G),

so s = O(A;(G)), and s is a valid cut-size upper bound for the FPT branch.

All randomized calls are amplified relative to the original order n. The border-preserving sparsification,
the weighted call on G’, and each of the O(k) border-enumeration calls therefore fail with probability at
most n~ 2% After increasing the amplification constants, a union bound shows that all required events hold
simultaneously with high probability.

Correctness. If s < n the algorithm invokes the exact FPT algorithm of Theorem 58. Since A\ (G) < s,
this returns a minimum k-cut.
Assume s > n% and let C* be a minimum k-cut of G. By Lemma 67, there is a border By, of C*, with

=11,

that is respected by P. Let £ := k — ¢. The contraction of this border is an f-cut B* of G/, and its weight is

at most (@) = (1 B (1 _ lo§n> ;) M (G).

If i = 0, then C* itself is respected by P, so its contraction is a k-cut of G’ of value \¢(G). Hence
|[V(G")| > k. Every k-cut of G’ lifts to a k-partition of V(@) with the same value in H. If G’ had a k-cut of
value below A\ (G), the lift would have H-value below A\t (G) < s, and the NI certificate would give the same
value in G, contradiction. Therefore

(G = M (G).

The weighted algorithm on G’ returns a minimum k-cut of G’, whose lift has H-value A\;(G) < s. The NI
certificate then certifies that this lift has the same value in G.

Now suppose i > 1. If £ = 1, the algorithm explicitly includes the trivial one-part border. If £ > 2, then
Lemma 69, invoked with a = 3;, lists B*. Indeed, if G’ has fewer than k vertices, all ¢-cuts are listed. If G’
has at least k vertices, the lifting argument above gives

Ak(G') > Ak(G),

and hence

car(B™) < Bixe(G) < Bidi(G').

After B™ is listed, its lift
B* = (By,...,Be)

is a border of C*, and C* is obtained from it by extracting exactly ¢ singleton islands. If ¢ € {1,2}, Lemma 71
computes the optimum extension of B* with respect to H. The extension corresponding to C* has H-value
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A (G) < s, so the returned extension also has H-value at most s, and the NI certificate gives the same value
in G. If i > 3, Lemma 66 computes the optimum extension with respect to G, and hence returns a cut of
value at most A\ (G).

Every stored candidate is a valid k-cut of GG, and the value used for comparison is its true G-value: for
1 < 2, this follows from the check w < s and the NI certificate; for i > 3, the value is evaluated directly in G.
Therefore the best stored candidate has value exactly A;(G).

Preprocessing and small-s branch. The initial approximation and the sparsification step cost
6(k0(1)m) + kOF)p 10g18k+0(1) n(loglog n)6k*6.
Since G is simple, m = O(n?), and Ej, > 2 for every k > 3. Hence this is at most
]OK*) B (log n)o(kQ).
If s < n%, Theorem 58 runs in
O(m) + EOK) py g6k—6 1og12k+o(1) n(loglog n)Gk*G.
Using s < nf . this is at most

EO (k) 1+(6k—6)0) (logn)o(kz) — },O(k) Bk (log n)O(kQ) < kO(kQ)nEk (log n)O(kQ)_

Large-s branch: basic bounds. Assume s > n%, and let
N =0(n/s)

be the number of vertices of G’. Since G’ is obtained by contraction, also N < n.
We include all amplification costs, all polylogarithmic losses in the bound on N, and all parameter-
dependent enumeration factors in the common factor

ko(kQ)(log n)o(k2).

Indeed, the border-enumeration parameter p; introduced below is O(k), so its kO®ik) dependence is covered.
Amplifying each of the O(k) calls costs only an additional k2™ logn factor. The amplified additive O(|E(G")|)
terms contribute at most

kW sn logn < KO p?2 logn,

because
s <20:(GQ) < 2(k — 1)n.

This is also covered by the claimed bound.
If N < k, each border-enumeration call outputs at most £°*) terminal partitions. For i < 2, their total
extension work is at most k°*n2. For i > 3, it is at most

kO(k)n$(i) < kO(k)n:I;(k—l).

These quantities are dominated by the bounds below. We may therefore assume for the remainder of the
branch analysis that N > k.
For i = 1,2, candidate borders remain implicit, so no O(n)-time lift is performed per border. For i > 3,

materializing a lift costs O(n), which is absorbed by the n®() extension time. The winning cut is materialized
only once.
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The no-island branch uses Theorem 19. Since G’ has N = O(n/s) vertices and O(sn) edges, its running
time is at most

O(sn) + ko(k2)]\/'k_2(sn + N)log®(2N)

k—1
< KO0 <”) _

gk—3

Thus its exponent is at most

k—1—(k—3)0. (4)
For every enumerated branch 1 <i < k — 2, put
9
piZ:/Bika—i+ ! .
logn

The fractional power satisfies
N2 108n < 20/ 1987 _ ey (O(7)) = exp(O(F)).

It is therefore absorbed into KO**). Apart from the endpoint factor treated below which arises from the case
distinction in Lemma 69, border enumeration consequently contributes

o) (M\F o(k?)
k (s) (logn)

time and candidates.
For i = 1, the one-island routine costs O(s + k?) per retained border. Since s > 1, the resulting exponent
is at most
k—1—(k—2)0. (5)

This is smaller than (4) by 6.
For i = 2, if k = 3, then ¢/ = 1 and there is no border enumeration. The two-island routine costs

0(82 4 kO(l)) S ij(l)nQ.

Suppose k > 4. The two-island extension costs O(s? + kO(l)) per retained border, so its contribution is

n k—2 2 nk72
(§> 5T kA
Its exponent is at most
k—2—(k—4)0. (6)

This is smaller than (4) by 1 — 65 > 0.
For 3 < i <k — 2, border enumeration followed by Lemma 66, apart from a possible endpoint factor, has

exponent at most R
k—i+ @) — (k—1)b. (7)

Finally, when ¢ = k& — 1, there is no border enumeration, and the exponent is

(k- 1). (8)
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The endpoint factor. If p; < 3, Lemma 69 contributes the additional factor

Fi N = exp (O (k; log(k + 2)+/log(N + 2))) , (9)
because p; < 3. Since N < n, Young’s inequality gives, for every ¢ > 0,
2log®(k + 2
Fin < nd/? exp <O(k0g6<k+))> i (10)

Because k — i is an integer at least 2, the inequality p; < 3 forces k — i = 2. Among the first two island
branches, the only possible endpoint cases are therefore (k,7) = (3,1) and (k,4) = (4,2). Their polynomial
exponents and respective slacks below Ej are

1

Es—(2—-03) =03 =—

s — (2 0) = 5 = -
and 17
E,—-2=—.
19

Applying (10) with either fixed slack absorbs the endpoint factor.
For k = 5, the polynomial part of the endpoint branch has exponent

2+ B(3) — 205

Since 2605 = 1 + 2.37134, R R
E5 — (2+ ®(3) — 205) = 2.37134 — ®(3) > 0.

Likewise, for k = 6,
Eg — (2+ ©(4) — 265) = 3.250386 — ©(4) > 0.
These are fixed positive gaps. Applying (10) with the corresponding gap absorbs the endpoint factor for

k =5,6. The constants needed for these finitely many fixed values of k are contained in KOG
It remains to treat k > 7. The chosen exponents satisfy

D(r) < %r + 1—10 (r>3). (11)

For r = 3,4, 5, this follows from

~ ~

33
(3) < 237134 < 5, B(4) < 3.250386 < 77,

and

~

41
P(5) < 4.085980 < ..

The remaining cases follow by induction, since increasing r by 3 increases <AP(T) by

~ 12
P(3) < —.
(8) < <
Let

By =2+ ®(k—2)—20,, Ay :=E),— By,

and put
a = 3.250386.

Using (11) and 6 = (k +a — 5)/(7k — 10), we obtain

14 42 + (60a — 225)k + 150 — 40a
Ap> = — 2k 4 (6k — 4)0, — .
k>3 gkt 6k =40 10(7k — 10)
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The numerator on the right is positive at k = 7 and strictly increasing thereafter. Hence Ay > 0 for every
k > 7. Moreover, for k > 15, direct comparison gives

o 2k
L .
k=35 737 100

Apply (10) with 6 = Ag. For k > 15, its parameter-dependent multiplier is at most
exp(O(klog?(k 4+ 2))) < KOG,

For Z < k < 14, the finitely many values of Ay are fixed and positive, so the multiplier is also absorbed into
kO Consequently, the full endpoint contribution is at most

ko(k2)nB’“Fk7N(log n)o(k2) < kO(kQ)an+Ak/2(log n)O(k2) < kO(k2)nEk (log n)O(kQ).

Thus every endpoint factor is absorbed uniformly in k.

Optimization for k = 3,4,5. For k =3, 63 = 1/12, and hence
Es=1+1205 = 2.

The no-island branch has exponent 2, the one-island branch has exponent 2 — 03 < 2, and the two-island
branch costs at most k©(Mn?2.
For k =4, 6, = 2/19, and hence

55
Ey=1+4+1 = —.
4 + 1804 9
The no-island branch has exponent
30, =2
ST

The one-island and two-island branches are smaller, and the ¢ = 3 branch has exponent

~

d(3) < 2.37134 < %

For k =5,
14237134

0s 26

SO
12
s =1+2405 = 1+ 75(1+2.37134).

The ¢ = 3 branch has polynomial exponent
2+ (3) — 205,

and its slack below Ej is R
2.37134 — ®(3) > 0.

Its possible endpoint factor was absorbed above. The no-island branch is dominated because
Es— (4—2605) =2.37134 — 2 > 0.

The two-island branch has exponent 3 — 65, which is smaller than the no-island exponent, and the one-island
branch is smaller still. Finally,

~

®(4) < 3.250386 < Es,

so the 7 = 4 branch is also dominated. Therefore

12
By = 1+ 75 (1+237134) < 4.112007,
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Optimization for £ > 6. Put

a := 3.250386.

Then
0, — k+a—-5
TR —10

The rounded upper bound for the ¢ = 4 exponent is
k—4+a—(k—4)6.
It balances the FPT exponent exactly:

Ep—(k—4+a—(k—4)6) = (Tk — 10)0;, — (k+a—5) = 0.

The actual ¢ = 4 exponent is strictly smaller because @(4) < a.
The no-island branch is dominated because
(Ta — 20)k 4+ 25 — 9a
Tk — 10

Ep—(k=1—(k—=3)6) = (Tk—9)0p — (k—2) = >0

for every k > 6. The one-island branch is smaller than the no-island branch by 6, and the two-island branch
is smaller by 1 — ;. R
For the ¢ = 3 branch, use ®(3) < 2.37134. Then

By — (k—=3+®(3) — (k—3)0;) > E, — (k —3+2.37134 — (k — 3)6;)
(Ta —7(2.37134) — 6)k + 10(2.37134) — 9a +5 _
Tk — 10

0

for k > 6.
For 5 <i<k—2, (1) gives
@(Z) < a-+ 6(277)
Consequently,

Ek—(k—i+‘5(i)—(k—i)0k)>Ek—<k—z‘+a+6(i74) _(k_i)9k> :(257(7]:‘1_)(1'0)4)>0

This handles every nonendpoint branch in the range; the possible endpoint ¢ = k — 2 was handled uniformly
above.

Finally,
- k—
(I)(k—l)<(l+6(775)
Therefore
- k+a—5 6(k—5) (67— Ta)k +28a — 160
By—d(k—1)>1+ (6k—6) -t 2"2 _4_ _ 0.
k=@ =1) > 1+ (6k = 6) =5 —a— = 7(7k — 10) ~

Thus every large-s branch is bounded by
]:O ) B (log n)o(kQ).

Combining this with the preprocessing and small-s bounds proves the theorem for every 3 < k < n. O

59



Acknowledgement

The first author would like to thank Amir Abboud, Shyan Akmal, Thatchaphol Saranurak, and Yinzhan Xu
for early discussions on minimum 3-cut. The second author used OpenAl’'s GPT 5.5 Sol on Max effort to
assist with drafting and revising portions of the exposition. The authors assume responsibility for all content.

References

[ADK26]

[ADW+25]

[AF26)

[ALL*+25]

[BFCOO]

[CKL*21]

[CLP+19]

[CQX19]

[CVZ21]

[GH94]

[GHLL21]

[GLL18]

[GLL19]

[GMW20]
[HL22]

Daniel Agassy, Dani Dorfman, and Haim Kaplan. Improved tree sparsifiers in near-linear time.
arXiv:2511.06574, 2026.

Josh Alman, Ran Duan, Virginia Vassilevska Williams, Yinzhan Xu, Zixuan Xu, and Renfei
Zhou. More asymmetry yields faster matrix multiplication. In Proceedings of the 2025 Annual
ACM-SIAM Symposium on Discrete Algorithms, pages 2005—2039, 2025.

Shyan Akmal and Nick Fischer. Node-weighted triangles: Faster and simpler, 2026.

Aditya Anand, Euiwoong Lee, Jason Li, Yaowei Long, and Thatchaphol Saranurak. Unbreakable
decomposition in close-to-linear time. In Proceedings of the 2025 Annual ACM-SIAM Symposium
on Discrete Algorithms, pages 1464-1493, 2025.

Michael A. Bender and Martin Farach-Colton. The LCA problem revisited. In Latin American
Symposium on Theoretical Informatics, pages 88-94. Springer, 2000.

Marek Cygan, Pawel Komosa, Daniel Lokshtanov, Marcin Pilipczuk, Michat Pilipczuk, Saket
Saurabh, and Magnus Wahlstrém. Randomized contractions meet lean decompositions. ACM
Transactions on Algorithms, 17(1):6:1-6:30, 2021.

Marek Cygan, Daniel Lokshtanov, Marcin Pilipczuk, Micha 1 Pilipczuk, and Saket Saurabh.
Minimum bisection is fixed-parameter tractable. SIAM Journal on Computing, 48(2):417-450,
2019.

Chandra Chekuri, Kent Quanrud, and Chao Xu. LP relaxation and tree packing for minimum
k-cuts. In Proceedings of the 2nd Symposium on Simplicity in Algorithms, pages 7:1-7:18, 2019.

Matthias Christandl, Péter Vrana, and Jeroen Zuiddam. Barriers for fast matrix multiplication
from irreversibility. Theory of Computing, 17(2):1-32, 2021.

Olivier Goldschmidt and Dorit S. Hochbaum. A polynomial algorithm for the k-cut problem for
fixed k. Mathematics of Operations Research, 19(1):24-37, 1994.

Anupam Gupta, David G. Harris, Euiwoong Lee, and Jason Li. Optimal bounds for the k-cut
problem. Journal of the ACM, 69(1):2:1-2:17, 2021.

Anupam Gupta, Euiwoong Lee, and Jason Li. Faster exact and approximate algorithms for k-cut.
In 59th IEEE Annual Symposium on Foundations of Computer Science, pages 113-123, 2018.

Anupam Gupta, Euiwoong Lee, and Jason Li. The number of minimum k-cuts: Improving the
karger—stein bound. In Proceedings of the 51st Annual ACM Symposium on Theory of Computing,
pages 229-240, 2019.

Pawet Gawrychowski, Shay Mozes, and Oren Weimann. Minimum cut in o(m log? n) time, 2020.

Zhiyang He and Jason Li. Breaking the n* barrier for minimum k-cut on simple graphs. In
Proceedings of the 54th Annual ACM Symposium on Theory of Computing, pages 131-136, 2022.

60


https://arxiv.org/abs/2511.06574

[HLRW24]

[iKT18]

[ILSS23]

[Kar00]

[Kor25]

[KS96]

[Li19]

[LSS22]

INI92]

[Qua22)

[SV95]

[Tho0g]

[Vau26]

[WXXZ24]

Monika Henzinger, Jason Li, Satish Rao, and Di Wang. Deterministic near-linear time minimum
cut in weighted graphs. In Proceedings of the 2024 Annual ACM-SIAM Symposium on Discrete
Algorithms (SODA), pages 3089-3139. STAM, 2024.

Ken ichi Kawarabayashi and Mikkel Thorup. Deterministic edge connectivity in near-linear time.
Journal of the ACM, 66(1):1-50, 2018.

Tanmay Inamdar, Daniel Lokshtanov, Saket Saurabh, and Vaishali Surianarayanan. Parameterized
complexity of fair bisection: FPT-approximation meets unbreakability. In 31st Annual Furopean
Symposium on Algorithms, volume 274 of LIPIcs, pages 63:1-63:17, 2023.

David R. Karger. Minimum cuts in near-linear time. Journal of the ACM, 47(1):46-76, 2000.

Tuukka Korhonen. Linear-time algorithms for k-edge-connected components, k -lean tree de-
compositions, and more. In Proceedings of the 57th Annual ACM Symposium on Theory of
Computing, pages 111-119, 2025.

David R. Karger and Clifford Stein. A new approach to the minimum cut problem. Journal of
the ACM, 43(4):601-640, 1996.

Jason Li. Faster minimum k-cut of a simple graph. In 60th IEEE Annual Symposium on
Foundations of Computer Science, pages 1056-1077, 2019.

Daniel Lokshtanov, Saket Saurabh, and Vaishali Surianarayanan. A parameterized approximation
scheme for min k-cut. SIAM Journal on Computing, 53(6):FOCS20-205-FOCS20-238, 2022.

Hiroshi Nagamochi and Toshihide Ibaraki. Computing edge-connectivity in multigraphs and
capacitated graphs. STAM Journal on Discrete Mathematics, 5(1):54-66, 1992.

Kent Quanrud. Fast and deterministic approximations for k-cut. Theory of Computing, 18(7):1-24,
2022.

Huzur Saran and Vijay V. Vazirani. Finding k cuts within twice the optimal. SIAM Journal on
Computing, 24(1):101-108, 1995.

Mikkel Thorup. Minimum k-way cuts via deterministic greedy tree packing. In Proceedings of
the 40th Annual ACM Symposium on Theory of Computing, pages 159-166, 2008.

Trevor Vaughn. Faster minimum k-cut II: Near-optimal and deterministic for weighted graphs,
2026.

Virginia Vassilevska Williams, Yinzhan Xu, Zixuan Xu, and Renfei Zhou. New bounds for matrix
multiplication: From alpha to omega. In Proceedings of the 2024 Annual ACM-SIAM Symposium
on Discrete Algorithms, pages 3792-3835, 2024.

A Deferred Proofs for the Unbreakable Decomposition

A.1 Compression of the Raw Quotient

Proof of Lemma 30. Starting from Q.aw, repeatedly delete every leaf component C' with Vo = (). Then
remove every degree-two component C with Vo = () and connect its endpoints with an edge. Let the resulting
tree be Q. Thus every node C' € V(Q) is either terminal, meaning Vi # @, or branching, meaning it has
degree at least 3 in Q.

Since the nonempty sets Vi are disjoint and each contains at least one graph vertex, there are at most n
terminal nodes. A tree with k£ terminal or marked nodes and all unmarked nodes of degree at least 3 has
O(k) nodes. Hence

V(Q)+[E(Q)] = O(n).
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Each edge e = CD € E(Q) corresponds to a path in the raw quotient
C= Canl7OI7€27"’7eT7CT = Du

where each e; € F' is a low edge of the original hierarchical tree. For the endpoint C', call ey the first raw low
edge of ¢ incident with C. Similarly, e, is the first raw low edge of ¢ incident with D.
For a retained node C' € V(Q), let I(C) be the set of first raw low edges over all compressed edges of @
incident with C. Define
B(C)=Vou | mle).

ecI(C)

Observe that every e € I(C) is incident with C' in Qyay. Therefore
B(C) C Braw(C).

We first prove vertex connectedness directly. Fix v € V, and let C, € V(Q) be the retained node
containing the singleton leaf v. Let

T, :={C,}u |J V(Pe(CyuCu)),
vu€E(G)

where Pg(C,,CYy) is the unique path from C, to C,, in the compressed tree (). We prove that T}, is exactly
the set of compressed bags containing v. First let C € T,. If C = C,, then v € Vo C B(C'). Otherwise, there
is an edge vu € E(G) such that C lies on Py(C,, C,,). Let € be the compressed edge incident with C' in the
direction of C),. The first raw low edge of ¢ incident with C' lies on the raw tree path between the singleton
leaves v and u. Therefore the graph edge vu crosses the cut represented by this raw low edge, and so v
belongs to the corresponding middle set included in 5(C).

Conversely, suppose v € §(C). If v € Vi, then C = C,, so C € T). Otherwise, v € p(e) for some e € I(C).
By definition of I(C), the edge e is the first raw low edge of some compressed edge incident with C. Since
v € u(e), there exists an edge vu € E(G) crossing the cut S.. Thus e lies on the raw path between the
singleton leaves v and w. Since e is incident with the retained endpoint C' of its compressed path segment,
the retained node C lies on the compressed path Py(C,,C,). Hence C € T}.

Thus the compressed bags containing v are exactly 7). Since T, is a union of paths all containing C,,
it is connected. Next let wv € E(G). If C, = C,, then u,v € Vi, C 5(C,). Otherwise, consider the first
compressed edge on the path from C, to C,. Let e be its first raw low edge incident with C,,. Since e lies on
the raw tree path between the singleton leaves u and v, the edge uv crosses the cut represented by e. Hence
u,v € p(e) C B(Cy), so uv is covered.

Finally we prove the adhesion bound. Let e = CD € E(Q), and let

C:C0761701362,"'76Tacr =D
be the corresponding raw quotient path. Suppose
v e p(C)NBD).

Because B(C) C Braw(C) and B(D) C Braw(D), the raw occurrence subtree of v contains both C' and D. By
Lemma 29, that raw occurrence set is connected, so it contains the entire raw path from C to D. In particular
it contains both endpoints of the raw edge e;. Applying the adhesion statement of Lemma 29 to that raw
edge gives v € p(ey). Therefore 5(C) N B(D) C p(er). By Lemma 28, |5(C) N B(D)| < |uler)] < 2A. O

A.2 Compactification and Redundancy Removal

We now give a cleanup algorithm which makes a rooted tree decomposition compact and suppresses redundant
bags. We use the convention that the root adhesion is empty, i.e.

or(r) = 0.
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Let
M= V@I +EG)|+ Y 180, 1= max{lo, ()] :t £},

teVv(r)

with n := 0 if 7 has only one node.
For every vertex v € V(G), let top(v) be the minimum-depth node ¢ such that v € §(¢). This is well-defined
because the bags containing v form a connected subtree.

Lemma 73 (Activation Identity). For every node t € V (1),
ar(t) ={v e V(G) : top(v) € V(7%)}.

Moreover, if uwv € E(G), then top(u) and top(v) are comparable in 7. If a(uv) is the shallower of these two
nodes, then
wv € E(Gla-(t)]) = a(uv) € V(1y).

Proof. The first identity follows directly from connectedness of the bags containing a fixed vertex: a vertex
appears in v, (¢) but not in o, (t) exactly when its topmost occurrence lies in the subtree of ¢.

For an edge uv, some bag contains both endpoints. Therefore top(u) and top(v) are both ancestors of
that bag, and hence are comparable. By the first identity, both endpoints lie in . (t) exactly when both top
nodes lie in V(7). Since the two top nodes are comparable, this is equivalent to their shallower top node
a(uv) lying in V(7). O

Thus G[a-(t)] is obtained by a monotone process: vertex v is inserted at top(v), and edge uv is inserted
at a(uv).

Algorithm 8 COMPACTIFYANDSUPPRESS(G, (T, 3))

: Compute top(v) for every v € V(G).

: Assign every edge uv € E(G) to a(uv), the shallower of top(u) and top(v).

: Process the nodes of 7 in postorder using union-find.

: At node ¢, activate all vertices v with top(v) = ¢, and all edges assigned to .

: For every final union-find component C' whose vertex set was not already represented by a component
before processing ¢, create an event node x¢. Its children are the maximal event nodes, created before
processing t, whose represented sets are proper subsets of C.

6: When z¢ is created, materialize its candidate bag

U W N

B(zc) = Ne(C)U (C N () U U Ne(Cy).

zo, child of z¢

Also store Ng(C).
7: If the event forest has several roots, add a dummy root with empty candidate bag.
8: Traverse the event forest top-down. Keep the root. For every other event node x, let a be its nearest kept
ancestor. If B(x) C B(a), suppress x; otherwise keep x and attach it as a child of @ in the output tree.
9: Return the kept nodes with bags B(x).

-~

Let the returned decomposition be (7, 3).

-~

Lemma 74 (Correctness of the Cleanup). Algorithm 8 returns a compact rooted tree decomposition (7, 3) of
G. Moreover, every output bag is a subset of some input bag, every nonempty output adhesion is a subset of
some input adhesion, and no non-root output bag is contained in its parent bag. If the input decomposition
tree T has depth d, then the output tree T has depth at most d + 1, where the additive 1 is only for the possible
dummy root.
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Proof. We first analyze the event forest before suppression. If ¢ is an event node, let to be its birth node.
By Lemma 73, C is a connected component of Gla.(tc)].

We use two elementary facts. First, every event node born at a node ¢ contains a vertex v with top(v) = t.
Indeed, an event node is created only when a component is new or changes while processing t. If a vertex
is activated, the claim is immediate for the new component containing it. If the change is caused by an
activated edge, then that edge is assigned to t, so one of its endpoints has top node ¢, and this endpoint lies
in the new component.

Second, if x¢ is a child of xp, then t¢ is a proper descendant of ¢tp. Since x¢ was already present before
processing tp, and since C C D C «.(tp), the previous paragraph gives a vertex v € C' with top(v) = t¢.
Lemma 73 gives t¢ € V(1 ). Moreover to # tp, because z¢ already existed before ¢ was processed.

We prove the following invariant for every event node x¢. Let

UC = U B(.Z')

z in the subtree of z¢

Then
B(zc) € B(tc),  Uc=CUNg(C),

and, if x¢ has parent xp, then
B(xp)NUec = Na(C), B(z¢) N B(zp) = Na(C). (1)

First we show B(z¢) C S(tc). Let y € Ng(C), and choose zy € E(G) with 2 € C. Since C is a component
of Gla,(te)], we have y ¢ o, (tc). Also every bag containing z lies in the subtree 7¢: otherwise connectedness
of the bags containing « would force z € o, (t¢), contradicting = € a,(tc). Hence any edge-covering bag for
xy lies in 7, so y € v, (tc). Since y ¢ a-(tc),

y € v (te) \ ar(to) = o-(tc)-

Thus
Na(C) € o+ (to) € B(te). (2)
Now let z¢, be a child of z¢c. We claim that
Na(Ci) € B(to). (3)

Let y € N¢(C;), and choose zy € E(G) with z € C;. If y ¢ C, then y € Ng(C), so y € B(tc) by (2).
Otherwise y € C'\ C;. Since z,y € C C a,(t¢), the activation node a(zy) lies in the subtree of to. If
a(zy) were a proper descendant of ¢, then zy would already have been active before processing ¢¢. In that
case both endpoints would already have been represented before processing t¢, and the edge zy would put
them in the same previous union-find component, contradicting the maximality of the child component C;.
Hence a(zy) = to. Since x € C; was already represented before processing tc, top(z) # te. As a(zy) is
the shallower of top(z) and top(y), it follows that top(y) = t¢, and hence y € B(t¢). This proves (3), and
therefore B(x¢) C B(tc). Thus every non-dummy event bag is contained in an input bag; the dummy root,
if present, has empty bag.
Next we prove
Uc=CU N(;(C)

The inclusion CUNg(C) C U follows by induction over the event forest. The bag B(z¢) contains Ng(C) and
CNB(te). Every vertex of C' whose top node is not t¢ was already active before processing ¢, and therefore
lies in one of the maximal child components C;. By induction, it lies in the subtree of z¢,. Conversely, each
child subtree contributes only

CiUNg(C;) € CUNg(O),

because C; C C, and any vertex outside C' adjacent to C; lies in Ng(C). Also B(z¢) € C U Ng(C). Thus
Uco=CU N(;(C)
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Now suppose zp is the parent of z¢. Since z¢ is a child of zp, the bag B(xp) contains Ng(C), and
B(z¢) also contains Ng(C). Hence

N(;(C)QB(mD)ﬂUC and Ng(C)gB(Ic)ﬂB(:L'D)

We show that no vertex of C' lies in B(xzp). The parent bag has the form

B(zp) = Ne(D)U (DN B(tp)) U U Ne().

zy child of xp

A vertex z € C cannot lie in Ng(D), since C C D. It cannot lie in D N B(tp), because tp is a proper
ancestor of t¢, and an occurrence of z € C C «.(t¢) at tp would force z € o, (t¢), contradicting z € a,(t¢).
Finally, z cannot lie in Ng(Y") for a sibling child xy # z¢. Otherwise there is an edge zy with y € Y. Both
endpoints were already represented before processing tp, so neither has top node tp. Since both endpoints
lie in D C a,(tp), the activation node a(zy) is a proper descendant of ¢. Thus zy was already active before
processing tp, contradicting that C' and Y were distinct maximal child components of zp.

Therefore B(xp) N C = (. Since Uc = C' U Ng(C) and Ng(C) C B(zp), we get

B(xp)NUc = Na(C).
Since B(z¢) C Uc and Ng(C) C B(x¢), this also gives
B(zc) N B(xp) = Ng(O).

This proves the invariant.
The invariant gives compactness of the event decomposition. For every non-root event node z¢,

a(ze) = Ue \ B(parent(z¢)) = (CU Ng(C)) \ Na(C) = C,

and
o(z¢) = B(ze) N B(parent(z¢)) = Ng(C) = Ng(a(ze)).

For a root event node, after all nodes of 7 have been processed, the active graph is all of G. Hence each
root event node represents a connected component C of G, and so Ng(C) = (. Thus the same compactness
identity holds for roots, with empty adhesion. If a dummy root is added, its bag and adhesion are also empty.

We now verify the tree-decomposition axioms for the event forest. Vertex coverage follows from the
identity Us = C'U Ng(C) applied to the roots of the event forest, whose represented sets are the connected
components of G.

For edge coverage, let uv € E(G), and suppose without loss of generality that top(u) is an ancestor of
top(v). If top(u) = top(v) = ¢, then both endpoints are activated at ¢, and the event node born at ¢ for their
component has a bag containing both endpoints in C' N B(¢). Otherwise, let ¢ = top(v), and let x¢ be the
event node born at ¢ for the component containing v. Then v € C'N B(¢), while u ¢ a,(t), because top(u) is
a proper ancestor of ¢. Thus u ¢ C, and since uv € E(G), we have u € Ng(C). Hence u,v € B(z¢).

For vertex connectedness, fix v € V(G), and let x, be the event node born at ¢, := top(v) for the
component containing v after processing t,,. This event node exists because v is activated at t,. We show
that every event bag containing v is connected to x, through bags containing v.

Let v € B(z¢). If v € CNB(te), thenv € C C a,(te) and v € B(tc), so top(v) = te, and hence xo = .

If v € Ng(C), choose an edge vw with w € C. Since v ¢ a,(t¢), the node ¢, = top(v) is a proper ancestor
of to. Follow the parent chain upward from z¢ until the first event node whose represented component
contains v. Such a node exists: when t, is processed, the vertex v is activated and the edge vw is also
active, since its activation node is t,. Before this first merge, the represented component contains w, remains
adjacent to v through the edge vw, and does not contain v. Hence v belongs to the boundary of every
represented component on this chain and appears in every corresponding bag. From the first event node
whose represented component contains v, the path continues along the chain of event nodes whose represented
components contain v, which connects to x,. Thus z¢ is connected to z, through bags containing v.
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Finally, if v € Ng(C;) for a child z¢, of x¢, then v € B(z¢,). Applying the previous cases to z¢;, the
node z¢, is connected to x, by a path of bags containing v. Since B(x¢) also contains v, this connects z¢ to
the same subtree. Thus all event bags containing v form a connected subtree.

The depth bound for the event forest follows from the birth-node fact above: if x¢ is a child of zp, then
tc is a proper descendant of tp. Hence birth nodes strictly descend along every root-to-leaf path in the
event forest, so the event forest has depth at most the depth d of 7, except for the possible additive 1 from a
dummy root.

It remains to justify suppression. A node z is suppressed only when B(z) C B(a), where a is its nearest
kept ancestor. Deleting such a node preserves edge coverage because any edge covered using B(z) is also
covered by B(a). It preserves vertex connectedness because, for each vertex, every deleted bag containing
that vertex is replaced by an ancestor bag containing the same vertex, so the subtree of bags containing that
vertex is only contracted.

Let u be a kept node, and let a be its new parent after suppression. Let

a:to,tl,...,tr,u

be the corresponding path in the original event forest, where t1,...,t, were deleted. If r = 0, the adhesion of
u is unchanged. If r > 0, then B(¢,) C B(a). By vertex connectedness in the event decomposition, every
vertex in B(u) N B(a) appears in every bag on the path from a to u, and therefore in B(¢,). Thus

B(u) N B(a) € B(u) N B(t,).
The reverse inclusion follows from B(t,) C B(a), so
B(u) N B(a) = B(u) N B(t,).

Thus every output adhesion is exactly the corresponding event-forest adhesion, and is therefore either empty
or equal to some Ng(C) C o, (tc). Hence every nonempty output adhesion is a subset of an input adhesion.
Suppression also preserves compactness. Fix a kept node u, and let

S, == U B(2).

z in the original event-forest subtree of w

The union of bags in the output subtree rooted at u is still .S,: every deleted descendant has its bag contained
in its nearest kept ancestor, which is itself in the output subtree of u. Moreover,

Sy N B(a) = B(u) N B(a).

Indeed, if a vertex belongs to both S, and B(a), then it appears in some bag in the original subtree of u and
in the ancestor bag B(a); by vertex connectedness in the event decomposition, it appears on the whole path
between these bags, in particular in B(u). Therefore the new lower side of u is

Su\ Bla) = Sy \ (B(u) N B(a)),

which is the same as the old lower side by the adhesion identity above. Since compactness held in the event
decomposition, it continues to hold after suppression.

Every non-dummy output bag is an event bag, hence is a subset of some input bag; the dummy root has
empty bag. Suppression only contracts paths, so it cannot increase depth, and the dummy root contributes
at most one additional level. Finally, by construction, a non-root node is kept only if its bag is not contained
in the bag of its nearest kept ancestor, which is its parent in the output tree. Therefore no non-root output
bag is contained in its parent bag. O

Lemma 75 (Size and running time). Algorithm 8 can be implemented in

O(M + nn)
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time and space. The returned decomposition satisfies

V(@A) <n+1, Y 1B(@) =0+ 1)n).

zeV(T)

In particular, if all input adhesions have size O(A) where A > 1, then the cleanup costs

O(M + An)
time and outputs total bag volume O(An).

Proof. Computing all top nodes and assigning edges to activation nodes takes O(M) time after computing
depths in 7. The bottom-up activation process uses union-find. Each vertex is activated once, each edge is
processed once, and each successful union decreases the number of components.

An event node born at t contains at least one vertex activated at ¢: if a new component is created because
of an activated edge, that edge has an endpoint whose top node is ¢t. Distinct event nodes born at the same ¢
contain disjoint vertices activated at t. Hence the number of non-dummy event nodes is at most n.

For an event node ¢ born at t, we have

CNpt)={veC:topv) =t}

Indeed, C C a,(t), so no vertex of C'N B(t) lies in o, (¢); hence its topmost occurrence is ¢. Thus, for all
event nodes born at a fixed ¢, the sets C'N B(t) are formed by placing each vertex activated at ¢ into its final
union-find component after all activations at ¢ have been processed.
We bound the total volume of all candidate event bags before suppression. For an event node x¢o born at
tc,
ING(O)| < lo-(te)l <n

for t¢ # r, and the same bound holds for tc = r because then Ng(C) = (). Thus the total contribution of
the Ng(C) terms is O(nn). Also,
Cnpte) € Blte) \ o-(to),

and these newly introduced vertices are disjoint over all event nodes, so their total contribution is at most
n. Finally, each child boundary Ng(C;) is charged once to the unique event edge from z¢, to its parent,
and has size at most 7. Since the event forest has O(n) edges, these child-boundary terms contribute O(nn).

Therefore
> IB(x)| = O((n + 1)n).

It remains to explain how the sets Ng(C') and the child lists are maintained within the claimed time. For
each union-find component, maintain a list of its current maximal represented child event nodes, a dictionary
for its boundary vertices, and a membership list of active vertices in the component. When two components
are united, their child lists and boundary dictionaries are melded small-to-large. Boundary entries whose
vertex has become internal are deleted lazily when encountered; each such stale entry is generated by an
original edge endpoint and is moved only O(logn) times by small-to-large melding. Thus the total cost of
maintaining and cleaning these dictionaries is 6(M ). When an event node is created, its children are precisely
the current maximal represented event nodes stored for the final union-find component, and after the event is
created this child list is replaced by the single new event node.

Materializing and deduplicating all candidate bags costs

oS 1w ) = 00+ .
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For redundancy suppression, store each candidate bag as a membership dictionary. The top-down traversal
tests B(x) C B(a) by scanning B(x) and querying the dictionary of the nearest kept ancestor a. Since every
candidate bag is scanned once, this costs

6(2 |B<:c>|> = O((n+1)n).

Thus the total running time and space are

O(M + nn).

The final node bound |V(7)| < n+ 1 follows from the absence of redundant parent-child pairs. Every kept
non-root node = has a vertex in

Bz) \ Bp(z)).
Choose v, € B(z)\ B(p(x)). Since the bags containing v, form a connected subtree and p(z) does not contain
vz, the node x is the root of the connected subtree of output bags containing v,. A fixed vertex has only one
such root, so no vertex is charged to two kept non-root nodes. Therefore there are at most n kept non-root
nodes, plus the possible root, giving |V (7)| < n + 1. O

Corollary 76. If every input bag is (g, s)-edge-unbreakable, then every output bag is (g, s)-edge-unbreakable.
If every input adhesion has size at most n, then every output adhesion has size at most 1.

Proof. Every non-dummy output bag is a subset of an input bag, and the dummy root has empty bag, so
edge-unbreakability is preserved. Every output adhesion is either empty or a subset of an input adhesion, so
adhesion size is preserved. O

B Rectangular Minimum Vertex-Weighted Triangle

This appendix extends the algorithm of Akmal and Fischer [AF26] to tripartite graphs with unequal part
sizes. We use the following standard consequence of Schonhage’s rectangular asymptotic sum inequality; see,
for example, [ADW 25, Theorem 3.2].

Lemma 77 (Rectangular scaling inequality). For a,b,c > 0 and 0 < d < min{a, b, c},
2d+w(a—d,b—d,c—d) <w(a,b,c).

Proof. Write (x,y, z) for the tensor of multiplying an 2 X y matrix by a y X z matrix, and write R and @ for
asymptotic rank and asymptotic subrank, respectively. Up to immaterial rounding of the dimensions,

(a*,¢",¢%) = (g% a%,q") @ ("%, "% q* 7).
The square matrix-multiplication tensor has asymptotic subrank
Q(a*,qa",a") = ¢*%
see, for example, [CVZ21]. Consequently, up to a factor ¢°N) | the N-th power of the tensor above restricts

to a direct sum of ¢2*N—°(N) copies of

<qN(a—d) N(b—d)’qN(c—d)>.

g

Indeed, tensoring a diagonal tensor of size ¢ with a tensor S gives the direct sum of ¢ copies of S.
The rectangular asymptotic sum inequality [ADW ™25, Theorem 3.2] therefore lower-bounds the asymptotic

rank of this power by N(2d d,b—d,c—d)—o(1
q ( +w(a7 ,b—d,c— )*0( ))

Taking N-th roots and logarithms base ¢, and using
w(a,b,c) = log, R({¢",¢",¢%)),

proves the claim. O
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We first consider the decision version. A zero-sum triangle is a triangle whose three vertex weights sum
to zero.

Lemma 78 (Rectangular zero-sum triangle). Let F be a vertez-weighted tripartite graph with O(logn)-bit
integer vertex weights and parts A, B, C satisfying

[Al<nt,|Bl<nt, O] <nt.

For every fived &(a, b, ¢) > w(a, b, c), whether F contains a zero-sum triangle can be determined in O(n®(@b:))
time.

Proof. By permuting the parts, assume a < b < ¢, and put

Write W for the vertex-weight function. For U € {A, B,C}, let

fo@)=HueU: W) =},  wa):=122
We run the construction below twice, for
(U, v,Z)=(A,B,C) and (U, V,Z)=(B,A,Q0).
Fix a weight z occurring in U, put p := vy (), and skip this weight if p < n~%. Let

Wy (z) :={y: fv(y) > 0 and vy (y) < p}.

Scan Wy (x) in an arbitrary fixed order and partition it by next fit into maximal groups P satisfying

> fv(y) < 2pNy.

yeP

Every group other than possibly the last has total frequency greater than p/Ny: otherwise, the next weight,
whose frequency is at most pNy, could have been added. Thus there are O(1/p) groups.
For each group P, define

Up:={uelU: W)=z},
Vp:={veV:W()e P},
Zyp:={z€Z:—x—W(z) € P}.
The sets Z, p are disjoint as P varies. They can be constructed by storing the groups in a lookup table

and scanning Z once. Split each Z, p into blocks of size [pNz], except that the last block may be smaller.
Because p > n™® and a < ¢, we have pNz > 1. Consequently, every block has size at most 2pNz, and the

total number of blocks over all P is
|Zac P‘ )
O — 41 = 0O(1/p).
(} (s (1/p)

P

For every resulting block Z’, delete from the graph induced by U, UVp U Z’ each edge vz € E(Vp, Z') for
which
x+ W)+ W(z) #£0,

and run ordinary tripartite triangle detection. Since every vertex of U, has weight x, the remaining triangles
are exactly the zero-sum triangles in U, x Vp x Z'.
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For correctness, let (ua,up,uc) € A x B x C be a zero-sum triangle. Choose U € {A, B} so that
vo (W (ur)) = max{va(W(ua)),vs(W(up))},
and let V' be the other of A, B. The selected frequency p satisfies
1 —a
p=va(W(ua)) = N
A

and vy (W (uy)) < p. Thus W(uy ) belongs to some group P. Since
W(Uv) = —W(UU) - W(Uc),

the vertex uc belongs to Zyy(4,),p, and hence to one of its blocks. The corresponding call therefore detects
the triangle. Conversely, every reported triangle has weight zero.
It remains to bound the running time. Write

W :=w(a,b,c), 0:=&—w(a,b,c)>0.

For the current weight, write p = n~%. Since p > n~¢,

0 <d < a <min{a,b,c}.
Every call for x has part sizes
pNu,  O(pNv),  O(pNz),

up to constant factors.
We make the exponent estimate uniform over the possibly n-dependent value of d. Choose constants
7,90 > 0 satisfying
27y 4 6p <9,

and let d’ < d be the largest multiple of 7. Pad the three matrices to dimensions with exponents a — d’, b —
d',c— d'. There are only finitely many possible values of d’, so we may fix algorithms for all of them whose
exponents are at most §y above the corresponding rectangular exponents. By Lemma 77, one call therefore
takes at most

w(a—d' ,b—d',c—d")+6o < nw(a,b,c)—Qd/-‘réo < n@—Qd 2, @

n =p“n

time. Since there are O(1/p) calls for x, their total cost is
O(pn®).

For either choice of U,

Z I/U(:L'):% <1

v (2)>0 v

Summing over all weights and both choices of U gives O(na) total matrix-multiplication time.
The remaining bookkeeping fits within the same bound. Scanning the weight classes in the other parts for
every fixed weight costs ~
O(NANB + NaN¢ + NBNc) = O(nw),

where we use the standard lower bound
w(a,b,c) > max{a+b,a+c,b+c}.
Moreover, for a fixed x, the total sizes of all matrices constructed over its O(1/p) calls are
O(p(NuNy + NyNz + Ny Nz)).

Summing this expression over x, using > p < 1, and then over the two orientations gives the same pairwise
bound. This proves the lemma. O
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Proof of Lemma 64. The reduction used in [AF26, Corollary 2] reduces Minimum Vertex-Weighted Triangle
to zero-sum vertex-weighted triangle with O(log W) overhead, where the absolute values of the input weights
are at most W.
For an already tripartite instance, specialize this reduction to triples in A x B x C. It leaves the three
vertex sets fixed and, in every generated instance, only changes vertex weights and deletes vertices or edges.
Choose a constant
w(a,b,c) <w' < @(a,b,c).

Apply Lemma 78 with exponent w’ to every generated instance. Since the weights are polynomially bounded,
the logarithmic overhead is absorbed by the fixed gap between w’ and &(a, b, ¢). A standard logarithmic-depth
self-reduction recovers a minimizing triangle within the same bound. O
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