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e Signature (tensor) F: [q]" — C
e Domain [¢] :={0,1,...,g—1}
o Arity n>1

@ eg. g=2,n=>5 F(xy,x2x3,xs,xXs5) for Boolean variables.

EOs = EO0s(0,0,1,0,0) = 1

o O = O O

e Ex: g=2, EOQ,: {0,1}" — {0,1} — ExactOne signature.
e EO,(x1,...,x,) = 1iff exactly one x; = 1.

2/42



Signature Grids

@ Let F be a set of signatures (all on same domain).

3/42



Signature Grids

@ Let F be a set of signatures (all on same domain).

o F-grid (tensor network)  is a graph with a signature from F on
each vertex.

F1

F>

3/42



Signature Grids

@ Let F be a set of signatures (all on same domain).

o F-grid (tensor network)  is a graph with a signature from F on
each vertex.

o Arity of signature equals degree of vertex.
o Order incident edges counterclockwise starting from diamond.

F1
F3 Fa

F>
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Example: Counting Perfect Matchings

F1
F Ry
F>

@ Goal: compute the Holant value (contraction) of €2

Holantq(F) = Z H F, (o (edges incident to v)).
7 E(Q)—[q] veV(Q)
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@ For any signature set F, Holant(F) is always either in P or #P-hard,
with nothing in between.

Broad dichotomies exist for F containing signatures that are
@ Domain g = 2, C-valued, symmetric [Cai-Guo-Williams'16]
@ Domain g = 2, R-valued [Shao-Cai'20]
@ Domain g = 3, R-valued, symmetric Holant* [Cai-lhm'25].

@ Our techniques apply to any gq.
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o A gadget is a signature grid with dangling edges.
@ Here, signatures assembled into a 5-ary signature M.
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o A gadget is a signature grid with dangling edges.

@ Here, signatures assembled into a 5-ary signature M.

X
a

y
b

z

@ a,b,x,y,z € [q].

@ Organize signature in g° x g3 matrix M.

@ M(ab, xyz) is the Holant value with dangling edges fixed to
a,b,x,y,z.
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Gadget Operations
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f
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Gadget Operations
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<<

o M(K®L) = M(K)® M(L)
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Gadget Operations
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Graph Homomorphisms

A mapping ¢ : V(K) — V(G) is a graph homomorphism if it maps all
edges to edges: {u,v} € E(K) = {¢(u), ¢(v)} € E(G).

O
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Graph Homomorphisms

A mapping ¢ : V(K) — V(G) is a graph homomorphism if it maps all
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O
N
1
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Homomorphism Indistinguishability

@ Graphs X and Y are homomorphism-indistinguishable over & if
#hom(K, X) = #hom(K, Y) for every K € &.

Theorem ([Lovasz’67])

X and Y are homomorphism-indistinguishable over all graphs iff X and Y
are isomorphic.

@ Get relaxations of isomorphism for other &:

e Known for planar, bipartite, cycles, bounded tree/pathwidth, etc.
o Was open for graphs of degree < d

Theorem ([Mantinska-Roberson’20])

X and Y are homomorphism-indistinguishable over planar graphs iff X and
Y are quantum isomorphic.

@ First goal: extend these two theorems to #CSP.
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#CSP as a Holant problem

Fo

® : variable
Q F 1
W : signature

F>

o £Q = {=,| n € N} where

1 x1=...=x,

0 otherwise

(=n)(x1,. .., xp) = {
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#CSP as a Holant problem

=2
Fo
=1 ® : variable
Q F 1
=2 W : signature
F>

o £Q = {=,| n € N} where

1 xy=...=x,

(=n)(x1,...,%n) = {

0 otherwise

o #CSP(F) = Holant(EQU F).
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#CSP: Counting Graph Homomorphisms
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Why Study (planar) #CSP?

Theorem (Cai-Fu’19)

For any set F of C-valued signatures on domain q = 2, #CSP(-, F) is
exactly one of the following:

© P-time solvable;

© P-time solvable on planar instances but #P-hard in general;

© #P-hard on planar instances.
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Why Study (planar) #CSP?

Theorem (Cai-Fu’19)

For any set F of C-valued signatures on domain q = 2, #CSP(-, F) is
exactly one of the following:

@ P-time solvable;

© P-time solvable on planar instances but #P-hard in general;

© #P-hard on planar instances.

Theorem ([Cai-Maran’23; Cai-Maran’24])

For any graph X with nonnegative edge weights and q = 3,4 vertices,
#hom(-, X) is exactly one of the following:

@ P-time solvable;
© P-time solvable on planar graphs but #P-hard on general graphs;
© #P-hard on planar graphs.
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Quantum isomorphism

Theorem ([Mantinska-Roberson’20])

X and Y are homomorphism-indistinguishable over planar graphs iff X and
Y are quantum isomorphic.

@ First goal: extend this theorem to #CSP.
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Quantum isomorphism

Theorem ([Mantinska-Roberson’20])

X and Y are homomorphism-indistinguishable over planar graphs iff X and
Y are quantum isomorphic.

@ First goal: extend this theorem to #CSP.

@ What is quantum isomorphism?
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o Determine responses by measuring a shared entangled state.
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@ There are pairs of graphs which are quantum isomorphic but not

isomorphic!

BN

o1 J101) 110

CFI graphs):

AR

N

A

PN

000 {011 101} —110) (000 011 J101)—T110) (000

—

—

NS
N
X3

N

-

] \\.le

P Z

@ From theory of quantum nonlocal games [AMRSSV '19]

S
N

L7 N
Vs \C‘\\‘" =

N
S\ v
e

IR
2] KR
WD T S
Ve

g

AN
<
>

A

SSNUDZQ 7/
N
2

N>y

57

N

RN
”mm/,//,/
—

L

)‘
”“#/Qi/
1/ \"0! <\

000 —{o11—{101}—{110] (000, —(011)—{101)—{110) (000}—{011}—101}—110)

111100010001

000 —(011-—{101}—{110] (000 —{011)—{101)—110

17/42



Quantum Isomorphism

@ What if Alice and Bob can use a quantum strategy?
o Determine responses by measuring a shared entangled state.

@ X and Y are quantum isomorphic (X =, Y) iff Alice and Bob have
a perfect quantum strategy

@ There are pairs of graphs which are quantum isomorphic but not
isomorphic!

@ From theory of quantum nonlocal games [AMRSSV '19] (CFI graphs):

WIN DI 2
AL
e

(X

000 —{011-—{101}—{110]  (000—(011)—{101)—110) (111)—{100—J010—J001

Y R

@ Quantum isomorphism is undecidable [AMRSSV'19, Slofstra'19]
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Quantum Permutation Matrices

Theorem (AMRSSV’18, Lupini-Man&inska-Roberson’17)

X =, Y iff there is a quantum permutation matrix U such that
UAxUT = Ay.
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Theorem (AMRSSV’18, Lupini-Man&inska-Roberson’17)

X =, Y iff there is a quantum permutation matrix U such that
UAxUT = Ay.

@ Entries of U are Alice and Bob’s measurement operators.
@ Entries of U do not necessarily commute.
o If the entries of U commute and UAxUT = Ay, then X 2 Y.

@ Every quantum permutation matrix U satisfies:
®2
v Ul

io) :> <— A O

ut /
o-v- = —

(U orthogonal)

U®3

—A—
—A— O }Z:& = }Z:& — U,'J'U,'j/ = 51/'/U,'j
—A—
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Quantum Isomorphism of Constraint Functions

Theorem (AMRSSV’18, Lupini-Mantinska-Roberson’17)

X =4 Y iff there is a quantum permutation matrix U such that
UAxUT = Ay.

®2
U Ax UT Ay u

-—A- OB O-—w9- = -—m < iO>AX:>AY

Definition

F =4 G if there is a quantum permutation matrix U such that U®"F = G.

U®3

A
—A- O }F = }G
A
o F =, if there is a U such that UF = G (simultaneous action).
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Planar #CSP and quantum isomorphism
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X and Y are homomorphism-indistinguishable over planar graphs iff
G=gH
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Theorem ([Mantinska-Roberson’20])

X and Y are homomorphism-indistinguishable over planar graphs iff
G=gH

@ PI-#CSP: planar constraint-variable incidence graphs Q.

Theorem ([Cai-Y.’23])

F and G are PI-#CSP-indistinguishable iff F =4 G.

@ First consider ‘easy’ direction («<=).
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The planar gadget decomposition

Theorem (The planar gadget decomposition)

({ e}, D) = all PHolant(F) gadgets

@ Recall: #CSP(F) = Holant(FUE£Q).

° £QC < 923 ’ :>>o,®,T:

VY

|
I
Y

Corollary (Planar #CSP gadget decomposition)

<{ :)F }FEJ—' , }23 ) >>0®T = all planar #CSP(F) gadgets
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Quantum isomorphism implies planar indistinguishability

Corollary (Planar #CSP gadget decomposition)

<{ LeF }FEF, e, )>O’®7T = all PL-#CSP(F) gadgets

@ Assume F =, G.
@ There exists a quantum permutation matrix U such that:

U®s3 U®3
A - . A - u®?
A -
+0>F = —>-G +o>=3 = >=3 W°D =D
A — — A - N
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Quantum isomorphism implies planar indistinguishability

Corollary (Planar #CSP gadget decomposition)
<{ D Y; }Fef, = >>o’®7T = all PI-#CSP(F) gadgets

@ Assume F =, G.

@ There exists a quantum permutation matrix U such that:

®3 ®3
u u U®2

A - A - - v
—4A—o© %F = 4>.G —A—o0 7>:3 = 7>:3 A °© ;) = ;)
A » A . _

If F =4 G, then F and G are PI-#CSP-indistinguishable. \

@ Next, show the converse (‘hard’ direction)

23/42



Planar indistinguishability implies quantum isomorphism
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Lemma (consequence of duality)

Let x,y € [q]. Then M(K), = M(K), for every PI-#CSP(F)-gadget K
with one dangling edge iff x and y are in the same orbit of Qut(F).

o Create F’: add a domain element v¢ ‘adjacent’ to all other domain
elements.

Create G’ similarly by adding vj.

Apply Lemma to x := vf, y := v, and ‘disjoint union’ 7' &G’
Apply PIl-#CSP-indistinguishability of F and G.

Lemma gives quantum automorphism mapping vf to vg.

F' and G’ are ‘connected’, so F 2, G.

Theorem ([Cai-Y.’23))

F and G are PI-#CSP-indistinguishable iff F =4 G.
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@ For fixed graph X, is Pl-#hom(-, X) tractable or #P-hard?
@ No full dichotomy for X with > 4 vertices.

@ Realize binary a Pl-#thom(X)-gadget with distinct diagonal entries
= dichotomy [Cai-Maran-Y."26].

Lemma (consequence of duality)

Let x,y € [q]. Then M(K) = M(K),, for every binary Pl-#hom(-, X)
gadget K iff x and y are in the same orbit of Qut(G).

@ Quantum isomorphism reduces to determining if x, y in same orbit of
Qut(X & Y).
@ Quantum isomorphism is undecidable.

Corollary ([Cai-Maran-Y.’26])

Undecidable: given X, x,y, is there a binary Pl-#hom(-, X)-gadget K such
that M(K) # M(K),, ?
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@ U- X =X <= entries of U commute.
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Nonplanarity: the swap gadget

@ U- X =X <= entries of U commute.

Theorem (The planar gadget decomposition)

<{ Z)F }Fe}‘ , >>07®7T = all Pl-Holant(F) gadgets
Theorem (The gadget decomposition)

<{ Z),: }FEF , :> ,><>07®7T = all Holant(F) gadgets

Coollary . |
ENE T rre——

@ Recall: if F = UG and the entries of U commute, then F = §G.
Corollary ([Y.’25a])

F and G are #CSP-indistinguishable iff F = G.
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The orthogonal Holant theorem

Theorem (The gadget decomposition)

<{ :)F }Fef , :> ) ><>0®T = all Holant(F) gadgets

@ Let H be a ‘normal’ matrix. Recall:
®2
H- H 1 HT I
W ° o= — —A—o© oy = —
(H orthogonal)

@ H - >C = > because entries of H commute.

Corollary (The orthogonal Holant theorem)
If F = HG for orthogonal H, then F and G are Holant-indistinguishable.

Theorem ([Y.’25b])

F = HG for orthogonal H iff F and G are Holant-indistinguishable.
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The orthogonal converse: inductive lemma

@ New proof technique: induction on domain size

@ Assume theorem holds for all 7/, G’ on domain smaller than g.

Lemma (Inductive Lemma)

If F and G contain a diagonal matrix (binary signature) D & span(l), then
there is an orthogonal H such that G = H F.

4 1 0

® F|x,G |x: subsignatures on domain X
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The orthogonal converse: inductive lemma

@ F|x and G|x are Holant-indistinguishable if 7, G contain 1x:
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The orthogonal converse: inductive lemma

@ F|x and G|x are Holant-indistinguishable if 7, G contain 1x:

Q
(F1)lx (F2)lx

°
(F3)lx  (Fa)lx  (Fs)lx

QF|x—x
(G1)lx (G2)|x

®
(G3)lx (Ga)lx (Gs)lx

Q’
F1 F2
L
n = ]lx
Fs Fa Fs
I
Ql]-'—)Q
G1 G
L
n = ]lx
G3 Gy Gs
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The orthogonal converse: inductive lemma

@ F|x and G |x are Holant-indistinguishable.
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The orthogonal converse: inductive lemma

@ F|x and G |x are Holant-indistinguishable.
@ F|y and G|y are Holant-indistinguishable, similarly.
o [X[,[Y|<q.
@ So by induction, there are orthogonal Hx, Hy such that
g|x = HX]'—’X and g|y = Hy]:‘y.
@ Combine these into a full transformation H such that G = H F.
o Requires some more work...

Lemma (Inductive Lemma)

If F and G contain a diagonal matrix (binary signature) D & span(l), then
there is an orthogonal H such that G = H F.

@ How to obtain D?
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The orthogonal converse: nonconstructive lemma

Recall:

Lemma (consequence of Tannaka-Krein duality)

M(K)x = M(K), for every PI-#CSP(F & G)-gadget K with one dangling
edge iff x and y are in the same orbit of Qut(F & G).
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Recall:

Lemma (consequence of Tannaka-Krein duality)

M(K)x = M(K), for every PI-#CSP(F & G)-gadget K with one dangling
edge iff x and y are in the same orbit of Qut(F & G).

@ We need a ‘continuous’ (orbit-free) version.
@ Apply a similar duality theorem [Schrijver'08].

Definition
Stab(F @& G) := {orthogonal H | H(F & G) = F & G}.

Lemma (Nonconstructive Lemma)

If F and G are Holant-indistinguishable, then Stab(F @ G) contains an H
which is not block-diagonal

@ ie. H|g’]: 7'5 0 or H‘]:’g 75 0.
@ Apply SVD to Hyg),v(F) to obtain D for inductive lemma.
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From planar to bipartite

(Dm0 - ) s

@ isomorphism
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o isomorphism

{

° <{ }Fef o= >>07®7T = PI-#CSP(F) gadgets
{
{

@ quantum isomorphism

{ }Fe]-‘ D ><> 0T Holant(F) gadgets

o orthogonal transformation

° { }Fe}‘ , >>O o = Pl-Holant(F) gadgets

1 &y

e quantum orthogonal transformation (follows from [Seppelt-Spitzer'26]).
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<
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e quantum orthogonal transformation (follows from [Seppelt-Spitzer'26]).
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From planar to bipartite

° { }Fe}‘ }:3 , :> ,><>07®7T = #CSP(F) gadgets

o isomorphism

(Do}, we ) = PSP e

@ quantum isomorphism

(
(

({Dar e ), = el s
(
(
(

o orthogonal transformation

{ }Fef :>>o®"|' = Pl-Holant(F) gadgets

1 &y

e quantum orthogonal transformation (follows from [Seppelt-Spitzer'26]).
°

{ }Fe]-' ><>O® ~ Bi-Holant(F) gadgets

o GL4 orbit closure intersection

° = 777 gadgets
{ }FE}—>07® gadg

e 777 transformation
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Bipartite Holant

@ What does O do?
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Bipartite Holant

@ What does O do?

@ T also switches dangling edges between left and right.
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Bipartite Holant

<{ F< }Fef , { Z)F’ }F’e]-" , ><>O’® =: Holant(F | 7).

Q
Fi
F1
A
F>
A
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Bipartite Holant

<{ F< }Fef , { Z)F’ }F’e]-" , ><>O® =: Holant(F | 7).

)

Q
e F; € F is covariant (row vector) F{
e F! € F'is contravariant (col vector) F1 .
2
F2
Z
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<{ F< }Fef , { Z)F’ }F’e]-" , ><>O® =: Holant(F | 7).

)

Q
e F; € F is covariant (row vector) F{
e F! € F'is contravariant (col vector) F1 £
e Holantg = (0(F1 ® F),F{ @ F} ® F3). A 2
Z

@ Let T € GLg and F, F’ on domain [q].
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Bipartite Holant

<{ F< }Fef , { Z)F’ }F’ef’ , ><>O® =: Holant(F | 7).

)

Q
e F; € F is covariant (row vector) F{
e F! € F'is contravariant (col vector) F1 £
e Holantg = (0(F1 ® F),F{ @ F} ® F3). A 2
z
@ Let T € GLg and F, F’ on domain [q].
(T)

A

A

TF = F& o A&

A

A
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Bipartite Holant

<{ F< }Fef , { Z)F’ }F’ef’ , ><>O’® =: Holant(F | 7).

Q
e F; € F is covariant (row vector) F{
e F! € F'is contravariant (col vector) F1 £
o Holantg = (o0(F1 ® F2), F] @ F} @ F}). F 2
z
@ Let T € GLg and F, F’ on domain [q].
(T—1)®5 T®5
- A
- A
TF = F o —/\— —A— O F' = TF'
A A
A A
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The Holant Theorem

Theorem (The Holant Theorem [Valiant’08))

IfFF|F =T(G|G), then F|F' and G |G’ are Holant-indistinguishable.
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Fi Gy G Gy
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The Holant Theorem

Theorem (The Holant Theorem [Valiant’08))

If FI\F' =T(G|G'), then F|F and G|G' are Holant-indistinguishable.

F 6! 6! G
F Gy Gy Gy
R = 6 - G = e
F> Gy Gy Gy
F o ¢ ¢
A-T
A=T-1

o Xia conjectured the converse of the Holant theorem [Xia'10].
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The Holant Theorem

Theorem (The Holant Theorem [Valiant’08))

IfFF|F =T(G|G), then F|F' and G |G’ are Holant-indistinguishable.

F 6! 6! G
Fi Gy G Gy
R = 6 - G = e
F G Gy Gy
F3 G; G; G;
A=T
A=T-1

@ Xia conjectured the converse of the Holant theorem [Xia'10].
@ Converse does not hold in general [Cai-Guo-Williams'16].

e We prove two near-converses.
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Orbit Closure Intersection: Matrices

@ Matrices F, G € C9%9,
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F G
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Orbit Closure Intersection: Matrices

@ Matrices F, G € C9%9,

F and G cospectral <= Vk : tr(F¥) = tr(G¥)

= + and + Bi-Holant-indistinguishable

Y9 == A-A

@ Converse of Holant theorem would say F and G are similar
e i.e. their GLg-orbits intersect.

@ But F and G could have different Jordan normal forms:
A1 0 A0 O
F=1]0 X 1 G=1|0 X O
0 0 X 0 0 X
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Orbit Closure Intersection: Matrices

@ Matrices F, G € C9%9,

F and G cospectral <= Vk : tr(F¥) = tr(G¥)

= + and + Bi-Holant-indistinguishable

Y9 == A-A

@ Converse of Holant theorem would say F and G are similar
e i.e. their GLg-orbits intersect.
@ But F and G could have different Jordan normal forms:

A1 0 A0 0
F=10 X 1 G=10 X O
0 0 X 0 0 A

o Can't transpose F and G without O.
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Orbit Closure Intersection: Matrices
A1 0 A0 O
F=1|0 X\ 1 G=1(0 X O
0 0 X 0 0 X

@ Instead, their GLg4-orbit closures intersect:
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Orbit Closure Intersection: Matrices

A1 0 A 0
F=10 X 1 G=10 0
0 0 X 0 A

@ Instead, their GLg4-orbit closures intersect:

o > O

e 0 0l [X 1 0]fe2 0 o0 A e O A 00
0 ¢ 0] |0 X 1 06710:0A6—0>0A0
0 0 1/]/0 0 A ]O o0 1 00 A 7 Jo 0 A
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Orbit Closure Intersection: Matrices
A1 0 A0 O
F=1|0 X\ 1 G=1(0 X O
0 0 X 0 0 X

@ Instead, their GLg4-orbit closures intersect:

2

e 0 0l [X 1 0]fe2 0 o0 A e O A 00
0 ¢ 0] |0 X 1 06710:0A6—0>0A0
0 0 1/]/0 0 A ]O o0 1 00 A 7 Jo 0 A

@ We generalize from matrices to arbitrary sets of tensors:
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Orbit Closure Intersection: Matrices

A1 0 A0 O
F=10 X 1| G=1|0 )X 0
0 0 A\ 00 X\
@ Instead, their GLq—orbit closures intersect:
e 0 0l [X 1 0]fe2 0 o0 A e 0 A 00
0 ¢ 0] |0 X 1 06*10:0A670A0
0 0 1/]/0 0 A ]O o0 1 00 A 7 Jo 0 A

@ We generalize from matrices to arbitrary sets of tensors:

Theorem (The Approximate Converse [Cai-Y.’26])

F|F and G|G" are Holant-indistinguishable iff
GLg(F | F') and GL4(G | G') intersect.

38/42



The Approximate Converse: Orbit Closure Intersection

Theorem (The Approximate Converse [Cai-Y.’26])

F|F" and G|G" are Holant-indistinguishable iff
GLg(F | F') and GL4(G | G') intersect.
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Theorem ([Mumford-Fogarty-Kirwan’94))
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The Approximate Converse: Orbit Closure Intersection

Theorem (The Approximate Converse [Cai-Y.’26])
F|F and G|G" are Holant-indistinguishable iff

GLg(F | F') and GL4(G | G') intersect.

@ Proof uses geometric invariant theory:

Theorem ([Mumford-Fogarty-Kirwan’94))
F|F' and G|G" are indistinguishable by all GLg4-invariant polynomials iff

GLg(F | F') and GL4(G | G') intersect.

@ Holantq capture all GLg-invariant polynomials!
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The Conditional Converse: Quantum Nonvanishing

o A quantum gadget is a formal linear combination of gadgets.

Bl
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F | F"is quantum-nonvanishing if V quantum F | 7'-gadget K # 0,
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F | F"is quantum-nonvanishing if V quantum F | 7'-gadget K # 0,
3 F | F'-grid Q containing K s.t. Holant(Q2) # 0.
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The Conditional Converse: Quantum Nonvanishing

Definition

F | F"is quantum-nonvanishing if V quantum F | 7'-gadget K # 0,
3 F | F'-grid Q containing K s.t. Holant(Q2) # 0.

(non)Example

F|F =[1i]|[}] is quantum-vanishing because every F | F'-grid has
value 0:

[1i]e—e[}]=1-1+i-i=0
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The Conditional Converse: Quantum Nonvanishing

R-valued F | F' is quantum-nonvanishing if C € F and D € F":

K -

= <f<7,<> #0
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@ So R-valued Holant setting is quantum-nonvanishing.
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The Conditional Converse: Quantum Nonvanishing

R-valued F | F' is quantum-nonvanishing if C € F and D € F":

K -

= (K,K) #0

K -

@ So R-valued Holant setting is quantum-nonvanishing.

Theorem (The Conditional Converse [Cai-Y."26])

If F|F and G| G’ are Holant-indistinguishable & quantum-nonvanishing,
then there is a T € GLq such that F|F = T(G|G').
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The Conditional Converse: Quantum Nonvanishing

R-valued F | F' is quantum-nonvanishing if C € F and D € F":

K -

= (K,K) #0

K -

@ So R-valued Holant setting is quantum-nonvanishing.

Theorem (The Conditional Converse [Cai-Y."26])

If F|F and G| G’ are Holant-indistinguishable & quantum-nonvanishing,
then there is a T € GLq such that F|F = T(G|G').

@ Proof uses another version of Tannaka-Krein duality
[Derksen-Makam'23].
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Bounded-degree graph homomorphisms

@ Recall: #hom(-, X) = Holant({Ax} | £Q).

N e B
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=3 =2
DA VAT
=2 =4 =1

0 £Q<y C £Q is equalities of arity < d.
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Bounded-degree graph homomorphisms

@ Recall: #hom(-, X) = Holant({Ax} | £Q).

=3 =2
DA VAT
=2 =4 =1

0 £Q<y C £Q is equalities of arity < d.
@ Holant({Ax} | £Q<4): homomorphisms from graphs of degree < d.

Theorem (The Approximate Converse)
F|F and G|G" are Holant-indistinguishable iff

GL4(F | F') and GL4(G | G') intersect.
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Bounded-degree graph homomorphisms

@ Recall: #hom(-, X) = Holant({Ax} | £Q).

=3 =2
I e Bl
=2 =4 =1

0 £Q<y C £Q is equalities of arity < d.
@ Holant({Ax} | £Q<4): homomorphisms from graphs of degree < d.
Theorem (The Approximate Converse)

F|F" and G|G" are Holant-indistinguishable iff
GL4(F | F') and GL4(G | G') intersect.

Corollary ([Cai-Y."26])

X and Y are homomorphism-indistinguishable over graphs of degree < d
iff GLg({Ax}| £Q<d) and GL4({Ay }| £Q<y) intersect. This is decidable.

42/42
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Thank you!
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