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Preface

During the summer of 2018 eight students participated in the Research Experi-
ence for Undergraduates program in Mathematics at Indiana University. This
program was sponsored by the National Science Foundation through the Re-
search Experience for Undergraduates grant #1757857 and the Department of
Mathematics at Indiana University, Bloomington. The program ran for eight
weeks, from June 4 through July 27, 2018. Eight faculty served as research
advisers to the students from Indiana University:

e Eric Albers was advised by Nicholas Miller.

e Emi Brawley was advised by Noah Snyder.

Cornell Holmes was advised by Chris Connell.

Matisse Peppet was advised by Alex Kruckman.

Jacob Prinz was advised by Nachiket Karnick and Noah Snyder.

James Reber was advised by Graham White.

Ben Riley was advised by Carmen Rovi.

e Fan Zhou was advised by Chris Connell.

Following the introductory pizza party, students began meeting with their
faculty mentors and continued to do so throughout the next eight weeks. The
students also participated in a number of social events and educational oppor-
tunities and field trips.

Individual faculty gave talks throughout the program on their research,
about two a week. Students also received LaTeX training in a series of work-
shops. Other opportunities included the option to participate in a GRE and
subject test preparation seminar. Additional educational activities included
tours of the library, the Slocum puzzle collection at the Lilly Library, and self
guided tours of the art museum. Students presented their work to faculty men-
tors and their peers at various times. This culminated in their presentations
both in poster form and in talks at the statewide Indiana Summer Undergrad-
uate Research conference which we hosted at the Bloomington campus of IU.



Contents 3

On the lighter side, students were treated to weekly board game nights as
well as the opportunity to do some local hiking. They also enjoyed a night of
“laser tag” courtesy of the Department of Mathematics.

The summer REU program required the help and support of many different
groups and individuals to make it a success. We foremost thank the National
Science Foundation and the Indiana University Bloomington Department of
Mathematics without whose support this program could not exist. We espe-
cially thank our staff member Mandie McCarty for coordinating the complex
logistical arrangments (housing, paychecks, information packets, meal plans,
frequent shopping for snacks). Additional logistical support was provided by
the Department of Mathematics and our chair, Elizabeth Housworth. We are in
particular thankful to Jeff Taylor for the computer support he provided. Thanks
also go to those faculty who served as mentors and those who gave lectures. We
thank David Baxter of the Center for Exploration of Energy and Matter (nee
TU cyclotron facility) for past personal tours of the LENS facility and his infor-
mative lectures. Thanks to Andrew Rhoda for his tour of the Slocum Puzzle
Collection.

Chris Connell
September, 2018
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Figure 1: REU Participants, from left to right: Cornell Holmes, James Re-
ber, Jacob Prinz, Emi Brawley, Chris Connell, Ben Riley, Matisse Peppet, Eric
Albers, Fan Zhou.



GENERA OF CONGRUENCE SURFACES

ERIC ALBERS

ABSTRACT. The purpose of this paper is to show the impossibility of a genus 212 congruence
surface constructed from a maximal order in a quaternion algebra using bounds on the values for
Cx(—1) and Sage to computationally check all possible number fields up to our bounds. From
this data, we obtain a list of all possible number fields in which the zeta function allows for the
possibility of a genus 212 surface and provide an argument for these remaining fields as to why
no such construction exists.

1. INTRODUCTION

Denote the Teichmiiller space of genus g with n cusps by 1, ,. An open question in geometry is
to find the manifolds M € T} ,, which maximize the length of the systole for arbitrary g, n. Schmutz
showed in [8] that in the noncompact setting, congruence surfaces maximize the systole in their
Teichmiiller spaces. In the compact setting, it is not unreasonable to expect a similar result can be
obtained, as Katz, Schaps, and Vishne provided a particularly sharp lower bound on the length of
the systole of a compact congruence surface in [3]. Our knowledge of congruence surfaces, however,
is still incomplete. While Sebbar classified all genus 0 congruence subgroups of PSLy(R) in [9], it
is still not known whether congruence surfaces exist in every genus. As a result, Reid asked the
following.

Question 1.1. Let M be a congruence surface. What is the genus of M, in particular if we denote
by S the set of all such congruence surfaces, is it true that

T = {gen(M)|M € S}
consists of all natural numbers > 2.

In order to answer this question, one must first understand the genus of an arbitrary congruence
surface which is constructed from a maximal order in a quaternion algebra. Thus, in an attempt
to understand Question 1.1, this paper analyzes the following related question.

Question 1.2. Let M be a congruence surface constructed from a maximal order in a quaternion
algebra. If S is the set of all such surfaces, is it true that

T = {gen(M)|M € S}
consists of all natural numbers > 2.

The purpose of this paper is to answer Question 1.2 negatively with a proof of the following
theorem.

Theorem 1.3. There is no congruence surface constructed from a mazimal order of genus 212.

Acknowledgements The author would like to thank Indiana University - Bloomington for their
hospitality and accommodations during this REU, specifically Professor Chris Connell for organizing
1
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a fantastic program. They would also like to thank the National Science Foundation for their grant
which funded this project. Finally they would like to thank Professor Miller for his mentorship and
general guidance throughout the entirety of the project.

2. BACKGROUND MATERIAL

2.1. Arithmetic. A number field K is a finite extension of Q, its degree we will denote by [K : Q],
and K is totally real if for any embedding o : K < C (of which there are [K : Q]), o(K) C R.
The ring of algebraic integers Ox C K is the ring consisting of elements of K which are the root
of a monic polynomial with integer coefficients. It is well known that for any number field K, its
integer ring Ok is a free abelian group of rank [K : Q] under addition, giving that it has a basis
{B1,...,Bn} over Z, and such a basis is also a basis for K over Q. We say {81, ..., (.} is an integral
basis. Let K be a number field of degree n, {51,...,8,} an integral basis, and o1,...,0, be the n
embeddings K — C. The discriminant for {f,...,8,} is given by

disc(B1, ..., Bn) = |0i(535)?

and a simple matrix argument shows that for a given number field K, the discriminant of any two
integral bases is equal. We denote by Ay the discriminant for any integral basis of K.

Ok is also a Dedekind domain giving that ideals in Ok factor uniquely into a product of prime
ideals. Let L/K be an extension of number fields p C Ok some prime ideal and denote by pOp, the
ideal in Of, generated by elements of p. Unique factorization tells us that

pOr =qi* ... q;"

We say q; lies over p or p lies under q;, often notated q;|p, for ¢ = 1,...,n and the exponent
e; = e(q;|p) is known as the ramification index for q; over p. p is said to be ramified in L, or
ramifies in L, if there exists a ¢; lying over p with e(q;|p) > 1. It is a standard result that any prime
q C Oy, lies over a unique prime p C Ok, and that the integral primes that ramify in a number
field K, are precisely those p € Z such that p|Ax. We also have a natural injection Ok /p — OL/q;
and since quotients of Dedekind domains by prime ideals are finite fields, we see that O /q; is a
finite extension of Ok /p. The degree of this extension [Or/q; : Ok /p] = f = f(q:|p) is called the
inertial degree of q; over p. A fundamental result of number theory is the following

Theorem 2.1. Let L/K be an extension of number fields, p C Ok some prime, qi,...,qn, C O
the distinct primes lying over p. Then

[L:K]=>) eifi
i=1

The norm of an ideal I C Ok is given by N(I) = |Ok/I|. Since prime ideals p C Ok lie over
unique primes in Z,0 /p is a finite extension of Z/pZ and hence N (p) = pf where f is the inertial
degree f(p|p).

A place v on a number field K is an equivalence class of valuations on K, and it is a theorem of
Onstrowski that the unique places on K are given by v, () = |o(x)| for any of the [K : Q] distinct
embeddings K — C and the p-adic valuations where p C Ok is a prime ideal. The places given
by embeddings are said to be infinite and the p-adic places finite. For any infinite place v, the
completion K, = R or C depending on whether o(K) C R and we will denote by K, the p-adic
completion of K.
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Definition 2.2. The ring of integers, Oy, of K, is the valuation ring
fo € Kylv(a) > 1}
where v is the logarithmic p-adic valuation.

Let K be a number field, p C Ok be prime, K, the corresponding completion of K. The ring
of integers, O, of K, has a unique maximal ideal I = {z € Op|v(z) > 1} which is generated by a
single element, often called the uniformiser, by which we will denote 7.

Definition 2.3. Let K be a number field. The Dedekind zeta function for K is given by

1
W)= 2 iy

ICOk

where I runs through all non-zero ideals in the ring of integers Ok, s € C.

Like the Riemann zeta function, there is a product expression in terms of prime ideals, as ideals
factor uniquely into primes in integer rings, given by

1
@)= 11 =
pCOK N(p)*

where p runs through all prime ideals in Og.
2.2. Quaternion Algebras over Number Fields.

Definition 2.4. An F-quaternion algebra <7 is a 4-dimensional vector space over F with basis
{1,4,4,i3} where multiplication is extended linearly such that 1 is the multiplicative identity and

i’=a j2=b ij=—ji

for some a,b € F*

Quaternion algebras are central and simple and are the only 4-dimensional central simple alge-

,b 2

bras. We will use the notation (%) to denote the F-quaternion algebra where i2 = a, j2 = b.

Definition 2.5. Given a = x¢ + x11 + 227 + x3ij € &, its conjugate is given by & = xy — 14 —
x9j — x3ij. The norm of a € & is given by n(a) = a@ and the trace by tr(a) = a + @.

The norm 1 elements, denoted 27!, of a quaternion algebra form a group under multiplication.
There is a corresponding notion of integral elements in quaternion algebras over number fields. a €
</ is an integer if O[] is finitely generated, which is equivalent to requiring both n(«a), tr(a) € Ok.
We have the following classification of quaternion algebras over R

Theorem 2.6. Let of = (%) be a quaternion algebra over R. Then

o = My(R) or H

where & = My(R) if either one of a,b > 0 and otherwise o/ = H, where H denotes Hamilton’s
quaternions.

“I’(b>, o be an embedding into R, and v the place

o K, = (00

Let K be a totally real number field, o/ =

corresponding to o, then

/N
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where by ¢ we mean the map ¢ : K — R which is the composition of the inclusion map into K,
and the isomorphism between K, and R. <7 is said to be split at v if & ®x K, = M>(R) and
ramified if & @ K, = H. For p-adic completions we have a similar analogue.

Theorem 2.7. Let K be a number field, p C Ok be prime, o/ be a K,-quaternion algebra. Then

™ U

where K,(y/u) is the unique unramified quadratic extension of K,.

By unramified we mean the unique prime ideal I C O, does not ramify in the extension. Likewise
o/ is said to split at the place corresponding to p if & @i K, = M>(K,) and ramifies otherwise.
The set of places at which & ramifies, denoted Ram(./), is always finite and of even cardinality
and, in fact, all quaternion algebras over a number field K can be classified based on their local
behavior via the following theorem.

Theorem 2.8. Let o/, o/’ be quaternion algebras over a number field K. o = &’ if and only if
Ram(/) = Ram(&"). Moreover, there is a bijection between quaternion algebras over K and finite,
even cardinality, subsets of the set of places on K.

Definition 2.9. Let &/ be a quaternion algebra over a number field K. An ideal I C & is a
complete O -lattice. An order O is an ideal that is a ring with 1.

3. HYPERBOLIC SURFACES VIA QUATERNION ALGEBRAS

In this section, we detail the way a hyperbolic surface is constructed from a quaternion algebra,
define the congruence condition and provide the covolume formula that will be the focus of the rest
of the paper. To begin we need the following theorem from Maclachlan—Reid [5, Theorem 8.1.1]

Theorem 3.1. Let &7 be a quaternion algebra over a totally real number field K, of degree n, that
is ramified at all but one of its real places. Then

o @R = My(R) D (n—1)H
where H denotes Hamilton’s quaternions.

Using this theorem we can now construct lattices in PSLy(R) as follows. Let &/ be a quaternion
algebra over a totally real number field K, of degree n, that is ramified at all but one of its real
places. We may assume the embedding at which & splits is the identity, as otherwise the resultant
lattice would differ only by a conjugate of the lattice formed via the identity. Let p : & — Ms(R)
be given by the composition of the inclusion map & — &/ ®g R and the projection onto the first
term of the direct sum above. Given an order O C &, p|n : O < Ms(R) is an injective group

homomorphism. Since 7 splits at the identity, if &/ = (“I’(b), we must have at least one of a,b > 0.

Assuming a > 0 we can define p explicitly by the assignment

. . iy o+ x1v/a  b(ze —x3v/a
a =20+ 21l + xof + 2305 = ((ngig) (317021:13\/\?))

where we note n(a) = det(p(«)) whether or not b > 0. Thus we actually have O! < SL5(R). Let
P : SLy(R) — PSLy(R) be the canonical quotient map. Then via the construction above, for any
order O C o, P(p(O')) < PSLa(R). Moreover P(p(O%)) is discrete and of finite covolume, and
provided .« is a division algebra, P(p(O%)) is also cocompact [5, Theorem 8.1.2]. We remark here
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our algebra certainly must split at at least one infinite place in order to have such an embedding
into My (R), but if our algebra split at more than one place, the image of O in any copy of My (R)
would be dense and thus not discrete [5, Theorem 8.1.2]. Thus our assumption that K must split
at only 1 infinite place is not only sufficient but also necessary. For the remainder of the paper,
when we say a congruence surface is constructed from a mazimal order we mean it is the surface
given by the quotient of H? by P(p(O)) where P and p are as above and O! is the group of norm
1 elements of a maximal order O.

Definition 3.2. An arithmetic Fuchsian group is a subgroup T' C PSLy(R) that is commensurable
with some P(p(O')) where O C o is an order in a quaternion algebra over a totally real number
field K that ramifies at all but one real place and P(p(OY)) is as described above.

Where I't, Ty are commensurable if there exists a space IV that serves as a finite covering space
for both H?/T'; and H?/T'5. To simplify and slightly abuse notation, in the future when we write
H2/0%, we implicitly mean H?/(P(p(O1)).

Definition 3.3. Let o/ be a quaternion algebra, O C &/ some mazimal order, I C O an integral
two-sided, ideal. The principal congruence subgroup of level I in O is given by

O'N)={zcOr—-1c1}
That is to say O is the kernel of the homomorphism O — (O/I)*.

An arithmetic Fuchsian group I' is a congruence subgroup if it contains a principal congruence
subgroup of some level. For a maximal order, O C &, P(p(O')) is necessarily a congruence
subgroup, as, by definition, it contains all principal congruence subgroups of O'. However, in
general, not all arithmetic Fuchsian groups are congruence subgroups. To conclude this section,
we provide the formula for the covolume of H?/P(p(O')) where O C & is a maximal order, from
Borel [1]

Theorem 3.4. Let K be a totally real number field, o/ a K-quaternion algebra that is ramified
at all but one of its infinite places, O C o/ some mazimal order. Then the covolume of H?/O! is
given by

o ey I -1

pERamys ()

where Ramy (/) denotes the set of finite primes at which o/ ramifies.

The Gauss—Bonnet Theorem tells us, provided our surface is indeed a surface, this quantity
should be an integer multiple of 47. This leads to a necessary discussion on torsion in quaternion
algebras. Elements of torsion in O! lead to metric singularities in H?/O!, i.e. points where a smooth
hyperbolic metric cannot be defined. We have the following relevant theorem from Maclachlan—Reid
[5, Theorem 12.5.4] classifying when torsion occurs in the quaternion algebras we are interested in.

Theorem 3.5. Let </ be a quaternion division algebra over a number field K. The group P(p(</1))
contains an element of order n

& bn+ 6 EK b, ¢ K, and L = K(&3,) embeds in o .

& bn+ & EK by ¢ K and ifp € Ramy (o) then p does not split in K(&an).
where &, denotes the 2n' root of unity. Moreover, if P(p(</')) contains an element of n-torsion,
then for all mazimal orders O C o, P(p(O')) contains an element of n-torsion.
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By a simple degree argument, one easily sees that it must hold that [L : K] < 2 in order for L to
embed into K, and since our fields are totally real, [L : K] # 1. For any totally real number field
K(&) = K(i)/K and K (&) = K(v/—3)/K always have degree 2 over K and as a result we must
always verify our algebra has no 2/3—torsion. The second part of Theorem 3.5 tells us that the
only way to avoid elements of torsion is to ramify at some prime p which splits in K (€2,), so from
here forward when we speak of eliminating torsion, we precisely mean ramifying at such a prime p.

4. CONGRUENCE CONDITIONS ON TORSION IN QUATERNION ALGEBRAS

We begin this section by working through the simplest concrete case, where K = Q, in order to
understand the relation betgveen torsion in &7 and the formula for the area of the resultant surface.
Ak = [K : Q] = 1,{(2) = %, and the prime ideals in Z are just the ideals generated by the rational
primes, hence N(p) = p. Thus, for an arithmetic surface constructed from a maximal order in a
quaternion algebra over Q we get its area to be

873

— -1

Y II -1
pERam ¢ ()

and the Gauss—Bonnet Theorem tells us this quantity is 47w (g — 1), giving

) g-1=2 I w-1

pERam ¢ (o)

We present now a lemma which will be useful in the case of general K, and will also help explain
the connection between torsion and the denominators in our area formula.

Lemma 4.1. For a totally real number field K, p C K a non-dyadic prime ideal, if p splits in
K(i)/K, then N(p) =1 (mod 4).

Proof. This is trivially true if p lies over a prime p = 1 (mod 4). If p lies over some prime p =
3 (mod 4), N(p) = 1 (mod 4) if and only if f(p|p) = 0 (mod 2). Thus, suppose, by way of
contradiction, p C K lies over a prime p =3 (mod 4), f(p|p) =1 (mod 2), and p splits in K(i)/K.
Since K (i)/K is a degree 2 extension over K, this means p = qq where f(q|p) = f(q|p) = 1. By
multiplicativity of inertial degrees in towers we have f(q|p) = f(p|p) which is odd by hypothesis.
On the other hand since p =3 (mod 4), we know p = p’ C Q(¢) (i.e. p is inert), giving f(p'|p) = 2.
But now, since q must lie over p’, using multiplicativity of inertial degrees in towers again we have
flalp) = f(alp’) f(p'|p) = 2f(qlp’) contradicting the fact that we already showed it was odd. O

An identical argument shows for any p C K not lying over 3, p splits in K(y/—3)/K implies
N(p) =1 (mod 3).

Corollary 4.2. Suppose p C K splits in both K(i)/K and K(/—3)/K. Then one of the following
holds

e p|2 and N(p) =1 (mod 3)

e p|3 and N(p) =1 (mod 4)

e N(p)=1 (mod 12)

For K = Q, we have both 2 and 3 are ramified in K (i)/K, K (v/—3)/K respectively, so eliminating
2,3 torsion requires ramifying at primes p,q such that N(p) = 1 (mod 4),N(q) = 1 (mod 3),
necessarily eliminating the 12 in the denominator of Equation 2. We provide one last lemma
relevant to eliminating 2/3-torsion in our algebras.



GENERA OF CONGRUENCE SURFACES 7

Lemma 4.3. Suppose p is a dyadic prime in a number field K, that splits in K(i)/K. Then
e(p|2) =0 (mod 2).

Proof. As 2 ramifies in Q(¢), we have that e(q|2) =0 (mod 2) for any q C K(i)/K lying over p. By
assumption p = q1¢2 in K(i)/K giving e(q1|p) = e(qz|p) = 1 and by multiplicativity of e in towers
it then must hold that e(p|2) =0 (mod 2). O

Likewise, primes lying over 3 that split in K(1/—3)/K must have even e, since 3 ramifies in

Q(WV=-3).

5. DEDEKIND ZETA FUNCTION BOUNDS AND COMPUTATION

In order to understand the achievable quantities from 1, we must understand values of the
Dedekind zeta function for arbitrary number fields. To do this, we first rewrite 1 in terms of (x (—1)
as the Siegel-Klingen Theorem [4, 10] tells us this value is always rational. Using the functional
equation for the Dedekind zeta function we arrive at the following reformulation of Equation 1

Area(H?/0O') = o (=1) H (N(p)—1)

9[K:Q]-3
pGRamf(,Q{)
giving
Cr(—1)
(3) 9_1:W H (N(p) —1)
pERamy ()

We note that a prime p € Z can only be achieved in 3 in two ways: Either 2({1;((&})1 is a rational
number with p as its numerator and the term from the product is precisely equal to the denominator,

or 24[’;((;] })1 has numerator 1 and p is achieved by the terms of the product. Moreover, if 2%((?@7] })1 = %

for some n € N, and p # 2% — 1, then since N(p) is a prime power and p+ 1 is even, we see that for
any number field K, there is no prime p such that N(p) = p + 1. Hence for p # 2% — 1, only strict
multiplies of p, i.e. pk for k > 1, can arise from the product in 3 and in order to achieve g — 1 =7p
we must have k|n.

We now present the bounds used in order to computationally search for Dedekind zeta function
values of the above form.

Lemma 5.1. For any number field K we have
1< ¢x(2) < ¢(2) 0
where ((2) denotes the Riemann-zeta function evaluated at 2.

Proof. Using the product expression, (x(2) > 1 is trivial. Note

@ = I] ——

PCOK L Ok

i

pEZ p|p N(p)?

&l 1
il
pf

p€EZ i=1 i
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where on the second line we index through all primes p € Z and in the third line, g is the number of
primes into which p splits and f; = f(p;|p) for 1 <i < g. We will show for each fixed prime p € Z

1 [K:Q] 1
(1 _ 1) z H 1— -1
P ol - N ()2

By taking reciprocals and multiplying by p?l!“@ this is equivalent to showing

(p? - 1) [K@ ﬁ 2eifi _ p2eifiz2fi)

i=1

Claim: For any prime p, (p? — 1)¥ < p?* — p?¢=2 for all k € N.
Proof: We prove this by induction on k. The base case, k = 1 gives strict equality. Suppose the
claim holds for k. Then

(p* — 1) < (p* — )(p* —p*?)
20k41) _ 2k _ 2k | p2k—2

=D p
< p2(k+1) _ 2k
as desired.
Now, we can rewrite
g
(r* =) = T](* -1
i=1

Then for fixed i, setting k = e; f; we see from the claim
(p2 _ 1>eifi < p25ifi 7p26ifi*2 < p2eifi 7p2€ifi72fi

which implies
g

(p2 _ 1)[K¢Q] - f[( — 1) fi < H 2eifs _ 2€£fi*2fi)
i=1 i=1
O

Using the functional equation to convert this inequality from an expression of (x(2) to one of

;’f(( = )1 , we obtain

@ 2037 r(-1) AY?

T2KQI4EQ] = [K:Q-1 = 9[K:Q]-119[K Q)
We also have the following bounds on the discriminant of a number field K from Takeuchi [11],
originally due to Odlyzko [7].

Proposition 5.2. Let K be a totally real number field of degree n. The following inequality holds
Ak >a"e?
where a = 29.099, b=8.3185

Combining this bound on Ak based on the degree of K, with 4, we achieve that 2%(((@]1) < 211

only if [K : Q] < 11 and the lower bound in 4 provides an upper bound on Ak in each degree
which we provide in Table 2 in the appendix. Using these bounds we used Sage [12], specifically

the work of Voight [13] and Jones—Roberts [2], to enumerate all number fields where 24[1;(@] b < 2
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with [K : Q] > 3, as we will address the quadratic case in a separate section. For those interested

in the full table see this page. We simply provide a list of all number fields with ;’;Eﬂ = Q—}Ll for

some n € N, or 24["}(((2_]})1 = % where there exists some k|n such that 211k + 1 is a prime power, in

Table 1.
We now prove the impossibility of a genus 212 surface for a certain class of fields in Table 1.

Proposition 5.3. There is no congruence surface of genus g = 212 constructed from a mazximal

order in a quaternion algebra over a totally real number field K where 2%({(5]})1 = % for some n € N.

Proof. As discussed above, we must ramify at some prime p such that N(p) = 211k + 1 for some
k > 1, k|ln. The only k|10, 30,60, 84 such that 211k + 1 is a prime power are 10,42. Since 4t 10,42,
we have 211k 4+ 1 = 3 (mod 4). Hence by Lemma 4.1 ramifying at such a prime does not eliminate
2 torsion. Moreover, in each of these fields 2 { Ax and hence by Lemmas 4.1 and 4.3 we must
ramify at some q such that N(q) = 1 (mod 4) in order to eliminate 2 torsion. This implies after
ramifying at p such that N(p) = 211k + 1 and q such that N(q) = 4k’ + 1 we have

(211k)4k' Cxe (1) 10

n

g—1= (N(r) - 1)
t€Ramy (/) \{p,q}
but since 4 is the highest power of 2 dividing n in each field, and k = 10,42 is even, there is at least

an extra factor of 2 left in the numerator, implying that after eliminating all torsion g—1 > 422. [

6. THE QUADRATIC CASE

In this section we address separately the impossibility of a genus 212 congruence surface con-
structed from a maximal order in a quaternion algebra over a quadratic totally real number field
K. In [14] Zagier showed for all quadratic fields K # Q(+/5), 12 clears the denominator of (x(—1).

Thus in our case, the denominator of w will always be a divisor of 24.

Proposition 6.1. There is no congruence surface constructed from a maximal order in a quaternion
algebra over a totally real quadratic number field K, where %_1) = 2% for some n|24, n # 12,24.

Proof. Begin by noting, since [K : Q] = 2, by construction, & over K must ramify at one of its

infinite places and, by Theorem 2.8, this means that |[Ramy(7)| must be odd. If % = %,
then we must see that

(5) I[I ®e-1=n

pGRamf(g{)

in order to achieve a surface of genus 212. First suppose % = %. Either

e Ram¢ (o) = {p,q1,...,qn} where N(p) =7, N(q;) =2

e Ramy(#) = {p1,p2,q1,...,4n} where N(p1) =4, N(p2) = 3, N(q;) =2
by Equation 5. In the former case, since 7 =3 (mod 4), by Lemma 4.1, p does not split in K(i)/K.
Thus we must have q; splits in K (i)/K for some j, in order for our algebra to have no 2-torsion.
But by Lemma 4.3 then q; must ramify in K, giving that q; is the only prime in K over 2. Hence
Ramy (/) = {p, q} but this is not possible since Ram (/) must be of odd cardinality. If instead
Ramy (/) = {p1,p2,q1,...,qn} where N(p1) =4, N(p2) = 3, N(q;) = 2, then N(p;) = 4 implies
2 is inert in K. Thus p; is the only prime in K lying over 2 implying Ramy(</) = {p1,p2} but,
again, as this set must have odd cardinality, this is not possible.

Next, suppose @ = %. Then by equation 5 we must see either
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e Ram¢ (o) ={p,q1,...,q,} where N(p) =5, N(q;) =2

e Ramy (o) = {p1,p2,q1,...,qn} where N(p1) =3 = N(p2) =3, N(q;) =2
Supposing the former case, simply note that by Lemma 4.1 no primes in Ramy (/) split in
K(v/-3)/K, and thus a ramification set of this form defines an algebra with 3-torsion. In the
latter case, N(p1) = N(p2) = 3, implies there are two primes lying over 3 and by Lemma 4.3 these
primes do not split in K(v/=3)/K, so again this ramification set defines an algebra with 3-torsion.

Now, suppose <61 — 211,

Ramy(</) = {p,q1,...,q,} where N(p) =4, N(q;) =2

Then we must see

In this case N (p) = 4 gives that 2 is inert with p being the only prime lying over 2 giving Ram (<) =
{p}. But by Lemma 4.3 p does not split in K(i)/K so this ramification defines an algebra with
2-torsion.

Finally suppose s (2_1) = 2% Then we must see

Ramy (/) = {p,q1,...,qn} where N(p) =3,N(q;) =2

By 4.1 p does not split in K (¢)/K. Hence there must be some 1 < j < n such that q; splits in
K(i)/K. But by Lemma 4.3, such a q; must ramify implying there is only one prime lying over 2.
This means Ram;(2/) = {p,q} but this set must have odd cardinality, so no such & exists with
this ramification set. O

Now using the bounds from Equation 4 we get that Sx(=1)

2
quadratic fields, Q(v/d),

211

75 whenever Ax > 574. For

A — {d, d=1 (mod 4)

4d, d=2,3 (mod 4)

Table 4 in the appendix lists all quadratic number fields up to Q(v/574) and the value of %_1)
Since none of these fields have numerator 211, this table along with Propositions 6.1 and 5.3 prove
there is no congruence surface of genus 212 constructed from a maximal order in a quaternion
algebra over a totally real quadratic number field.

7. THE DIFFERENT IDEAL AND THE DISCRIMINANT

In the case where [K : Q] > 2, an analysis like the one in the previous section is impossible as the
splitting behavior of primes becomes much more complicated in arbitrary number fields. Instead
we use results about the discriminant of a number field K to describe the splitting behavior of 2
and 3 in the fields in Table 1 in order to show the impossibility of a genus 212 surface in most of the
remaining fields. We first define the different ideal. Given a number field K, we have a symmetric
bilinear form on K given by (x,y) = tr(zy). Viewing K as a Q-vector space, a lattice L in K is a
Z-module which is finitely generated by a Q-span of K and the dual lattice LV is defined to be

LY ={x € K|{z,y) € Z, Vy € L}
Definition 7.1. Let K be a number field. Its different ideal Dy is given by
Dk =0} ' = {x € K|zO), C Ok}

We are particularly interested in the following properties of the different, one can find proofs of
these properties in [6, Chapter 3, Section 2]
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Theorem 7.2. For any number field K
N(Dgk) = Ak
Theorem 7.3. A prime p C K is ramified if and only if p|Dx. Moreover if a is the exact power

which p divides Dk and if e = e(p|p) is the ramification index of p over the unique prime p € Z
lies under p, then

ea=e—1ife#0 (mod p), i.e p istamely ramified

e a>eife=0 (mod p), i.e p iswildly ramified

Since the norm of an ideal is multiplicative this gives that if p ramifies in K, then N(p)*| Ak,
where a is as above. From the analysis in the previous section we see the following.

Proposition 7.4. In order to achieve a surface of genus 212 in the following fields we must see
o If 2%2(@]11 = % then either Ramys(2/) = {p,q1,...,q,} where N(p) =7, N(q;) = 2, or
Ramy (/) = {p1,92,q1,-..,0qn} where N(p1) =4, N(p2) =3, N(q;) =2
. If 241;{(@ D 211 , then Ramys (o) = {p1,92,q1,...,qn} where N(p1) = N(p2) =3, N(q;) =

. If S = 2L then Ramg (/) = {p,qu,- .., qn} where N(p) =4, N(q;) = 2
o If SEGU = 2L yhen Ramy(o/) = {p,q1. .- -, qn} where N(p) = 3, N(q;) = 2

As some of these primes ramify in order to eliminate torsion in .o/, we can use Theorem 7.3 to
give conditions on Ak, in order for the ramification sets indicated above to be realized. First note
in all of these cases, none of the primes p { 2 split in K (i)/K by Lemma 4.1, and thus Lemma 4.3
combined with 7.3 give 4|A in order for any of the ramification sets above to define an algebra
with no torsion. Moreover, in the case where @ = 2%, %, we must see that both 2 and 3
ramify in K, giving at least 36|Ax. Table 3 in the appendix provides a list of all fields from Table
2 where these further divisibility conditions on Ag hold.

In the case where $£&1 — %, %, the ramification sets listed in Proposition 7.4 require some
p € Ramy (/) lying over 2, which necessarily wildly ramifies by Lemma 4.3. Moreover, in each case
it could hold that N(p) = 2, and since wild ramification gives only a lower bound on the power of
p dividing D, no improvement can be made on the condition that 4|Ak. As a result, in the final
section of this paper we analyze the fields in Table 3 computationally to show that the ramification
sets in the Proposition 7.4 either define algebras with torsion, or simply do not define algebras, in

each individual field.

8. COMPUTATIONS IN REMAINING FIELDS

To conclude, we present computations of the splitting behavior of 2 and 3 in the fields provided
in Table 3. None of the methods from the preceding two sections can circumvent the need to check
this computationally, as the possibility of wild ramification in these fields allows for no tighter

restrictions on K and specifically Ag. We begin by analyzing the fields Where ( e )1 = %
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21

Proposition 8.1. For the fields in Table 3, where (Q]l)l 3 ,

2 factors as follows.

Ax p(z) Factorization Norms

13396 2 — 22 — 255+ 29 p3 N(p) =2
1471216 2° — 227 — 725 + 62° + 8z — 4 pips N(p1) = 4, N(p2) = 2
1630076 20— 20% — 923 + 172 + 40 — 12 p1p3 N(p1) =8,N(p2) =2
1723364 | 0 — 227 — 725 + 1322 + 8z — 11 pip3 N(p1) = 4, N(ps) = 2
17386832 | 28 — 32° — 4a® + 102° + 627 — 4z — 2 pips N(p1) = N(p2) =
22340432 | 2% — 25 — 821 + 523 + 1622 — 50 — 1 p3 N(p)=4
23556176 | ° — 2% — 87 + 52° + 1622 — Tz — 7 p3 N(p) =4

From Proposition 7.4 we see that only the four fields with a prime p|2 with N(p) = 4 could
possibly give rise to a genus 212 surface. But, from Lemma 4.3, since none of these fields have a
prime p|2 with even ramification index, none of the primes over 2 split in K (i)/K giving that in
these fields, the ramification sets defined in Proposition 7.4 define algebras with 2-torsion. Therefore,
there is no construction of a genus 212 congruence surface constructed from a maximal order in a
quaternion algebra over any of the fields in Proposition 8.1.

(71) _ 211

stca—r = g » 2 factors as follows.

Proposition 8.2. For the fields in Table 3, where <

Ak p(x) Factorization Norms
1060708 @b — 2" — 70 +132% + 10z — 17 pip3 N(p1) = 4, N(ps) = 2
12694016 2% — 821 — 223 + 1622 + 8z — 1 pip3 N(py) =4, N(pz) =2
15004240 | 25 —22° — 1127 + 162% + 3527 — 262 — 17 p° N(p) =4
15378496 25 — 22° — 5zt + 823 + 627 — 62 — 1 p2 N(p) =
17386832 28 — 32° — 42t + 1023 + 627 — 4o — 2 pips N(p1) = N(p2) =2

154050496 | 27 — 2% — 82° + 627 + 132% — 922 —z + 1 p1p3 N(p1) =2,N(p2) =8
And 8 factors as follows.

Ak p(x) Factorization Norms
1060708 2° — 221 — 72% + 1327 4 102 — 17 3 N(3) =729
12694016 2% — 821 — 223 + 1627 + 8z — 1 3 N(3) =729
15004240 | 25 — 22° — 112% + 162> + 3522 — 262 — 17 pip2 N(p1) = N(p2) = 27
15378496 25 — 22° — 5z + 823 + 627 — 62 — 1 p1p2 N(p1) = N(p2) = 27
17386832 25 — 32° — 42 +102% + 627 — 4z — 2 3 N(3) =729

154050496 | 27 — 2% — 82° + 627 + 132% — 927 —x + 1 p1p2 N(p1) = N(p2) =27

As there are no norm 3 primes in these fields, we see by Proposition 7.4, in order to have a
genus 212 congruence surface, Ramy(%7) = {p,q1,...,q,} where N(p) =7, N(q;) = 2. In all but
one field, every norm 2 prime has odd ramification index and thus by Lemma 4.3, these primes do
not split in K(¢)/K. Thus, in these fields, a ramification set of the aforementioned form defines
an algebra with 2-torsion. The lone field where there exists a norm 2 prime with even ramification
index is the field defined by p(z) = 2% — 82% — 223+ 1622 + 8z — 1. Hence Ram (/) = {p, q} where
N(p) = 7,N(q) = 2 since there is only one norm 2 prime. But since this is a field of degree six,
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|Ram (/)| must be odd and there is no such &/ with this ramification set. Therefore there is no
construction of a genus g = 212 congruence surface constructed from a maximal order in quaternion
algebra over any of the fields in Proposition 8.2. To conclude we consider the field defined by the
polynomial p(x) = z* — 2022 + 95, which is such that 24[’;(@7]})1 = %.

Proposition 8.3. In K defined by p(x) = 2* — 20x + 95, in order for a surface of genus g = 212
to be achieved, we must see one of the following.

(1) Ramf(d) = {PaCI17~ . ~7Cln}; where N(p) = 317N(q1) =2
(2) Ra’mf(d) = {P17P2aCI1a .. '7qn}} where N(pl) = 16,N(p2) = 37N(ql) =2

(3) Ramf(;z{) = {pl,pz,ql, .. -7qn}; where N(Pl) = 11,N(p2) = 4,N(C|Z) =2

In this field 2 = py where N(p) = 4. Thus in order for the first ramification set in Proposition 8.3
to be achieved, we must have Ram (<) = {p} where N(p) = 31. Since 31 =3 (mod 4), by Lemma
4.3, this ramification set defines an algebra with 2-torsion. For the other two ramification sets we
must have Ramy (o) = {p, q} since there are no norm 2 primes. But, as [K : Q] = 4, we must have
|[Ramy (/)| is odd and hence there is no such algebra with the second or third ramification set in
Proposition 8.3. To conclude we recap our results from the previous sections to prove Theorem
1.3.

Proof of Theorem 1.3. To begin, Equation 2 provides the equation for g — 1 in the case where
K = Q. As 211k + 1 for k|12 is not a prime power, it is not possible to achieve a genus 212
congruence surface when K = Q.

Next, Proposition 5.3 and Section 6 prove there is no congruence surface constructed from a
maximal order of genus 212 when [K : Q] = 2.

For fields of higher degree, using Equation 4 and Proposition 5.2, we obtain an upper bound,
U, for Ak in each degree, such that when Ay > U,, C;E__ll) > % Then, using the enumerate
all totally real number fields function from Voight, we compute all number fields where Ax < U,
in each degree, along with each field’s value of ng(:ll), using Sage. Thus, Table 1 provides a list of
all number fields where 24[}}((@5})1 = % for some n € N, or 2({1;{?7@*]})1 = % where there exists some k|n
such that 211k + 1 is a prime power, as these are the only number fields where the construction of
a genus 212 surface is possible. However, Proposition 5.3 shows no such construction exists for K
such that 2%‘((_]})1 = % where there exists some k|n such that 211k + 1 is a prime power. Moreover,
the results in Section 7 show no such construction exists for all fields in Table 2, except for those
which we list in Table 4. To conclude, the results in Section 8 prove no such construction exists
for all fields listed in Table 4. Thus, we have proved there is no congruence surface of genus 212,
for any of the number fields listed in Table 2, which we have shown to be the only possible number

fields where such a construction is possible. O
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9. APPENDIX

Cr(—1) [K:Q]-1

Ax p(z) i

5 22 —5 1/60

49 3 -z —2r+1 1/84
7825 23 — 25z — 45 211/6
9812 23— 2% — 19z + 33 211/4
13396 23 — 22 — 252 + 29 211/3
725 2t -2 -3+ +1 1/60
1125 ot — a3 — 42 44+ 1 1/30
2225 ot — 2% — 522 + 2z +4 1/10
38000 zt — 2022 + 95 211/30
148889 ot — 223 — 1522 + 162 + 51 211/3
150057 xt — 223 —T2? + 52 + 7 211/3
1060708 2° — 224 — 7o + 1327 4+ 10z — 17 211/6
1459417 2% — 224 — T2% + 1127 + 92 — 2 211/3
1471216 25 — 227 — 723 + 627 + 8x — 4 211/3
1630076 2° — 221 — 923 + 1722 + 4z — 12 211/3
1723364 25 — 220 — 725 + 1327 + 8z — 11 211/3
12694016 25— 82T — 2% + 1622 + 8z — 1 211/6
15004240 | 2% —22° — 112% + 1625 + 3522 — 262 — 17 211/6
15378496 2% — 225 — 527 4+ 825 + 627 — 6z — 1 211/6
15700473 25 — 1227 — 223 + 3922 + 122 — 19 211/6
17386832 25— 32% — 42T + 102 + 627 — 4o — 2 211/3
17801408 28 — 9% — 42% + 1627 + 142 + 3 211/4
18967381 | 2% —22% — 82T + 112% + 2027 — 142 — 17 211/4
22340432 28 — 2% — 82% + 523 + 1627 — 5z — 1 211/3
23556176 285 — 2% — 82t +52% + 1622 —Tx — 7 211/3
26768537 25 — 2% — 112t + 1127 + 2 — 2 211/2
154050496 | 27 — 25 — 82° + 62 + 1323 — 927 — 2 + 1 211/6
225111553 | 27 — 22% — 62° + 92% + 1227 — 82? — 8z — 1 211/4
236583241 | 27 — 2% — 925 + 4a® + 162° — 522 — B5xr + 1 211/3
343318749 | a7 —22% — 62° + 122 + 82% — 1727 + 3 211/2

T . . Cr(—1) Q-1
ABLE 1. Number Fields with Relevant ~%—> Values

2
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(K : Q] Ax AVTEQ]
3 21922 27.99
4 254161 22.45
5 2946779 19.67
6 34165459 18.01
7 396120284 16.91
8 4592687600 | 16.13
9 53248420466 | 15.55
10 | 617371467322 | 15.10
11 | 7157912391165 | 14.74

TABLE 2. Upper Bounds for Discriminant in Fixed Degree

Ag p(x) 24[1;((@*]})1
13396 23 — 2% — 25z + 29 211/3
38000 ot — 2022 + 95 211/30

1060708 2% — 224 — 723 + 1327 + 10z — 17 211/6
1471216 25 — 220 — 723 + 627 + 8z — 4 211/3
1630076 25— 228 — 923 + 1722 + 4o — 12 211/3
1723364 25 — 220 — 723 + 1322 + 8z — 11 211/3
12694016 28 — 821 — 223 + 1622 + 8r — 1 211/6
15004240 | 2% — 22° — 112% + 162° + 3527 — 262 — 17 | 211/6
15378496 25 — 225 — 527 4+ 825 + 627 — 62 — 1 211/6
17386832 25 — 32% — 42® +102% + 627 — 4o — 2 211/3
22340432 25 — 2% — 8% + 527 + 1622 — bz — 1 211/3
23556176 28 — 2% — 82 + 523 + 1627 — Tz — 7 211/3
154050496 | 27 — 2% — 82° + 62% + 1323 — 9227 —x +1 | 211/6

TABLE 3. Remaining Number Fields where Splitting Behavior of 2,3 Must be

Checked Computationally

15
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T[EET) [ [SET] [ [S] [@[SE) [q %
2 | 1/24 77 1 154 | 113/3 226 | 203/3 293 | 85/12
3] 1/12 78 | 23/2 155 | 91/3 227 | 575/12 295 | 99

5 | 1/60 79 | 14 157 | 43/12 229 | 27/4 298 | 1165/12
6| 1/4 82 | 27/2 158 | 89/3 230 | 311/6 299 | 238/3
7 1/3 83 | 43/4 159 | 35 231 62 301 | 31/3
10| 7/12 85 | 3/2 161 | 16/3 233 | 53/6 302 | 479/6
11| 7/12 86 | 155/12 163 | 467/12 235 | 141/2 303 &7

13| 1/12 87 | 13 165 | 11/3 237 | 35/6 305 | 41/3
14| 5/6 89 | 13/6 166 | 503/12 238 67 307 | 1145/12
15 1 91 | 103/6 167 | 91/3 239 | 178/3 309 | 59/6
17| 1/6 93 | 3/2 170 | 209/6 241 | 71/6 310 | 105

19 | 19/12 94 | 53/3 173 | 13/4 246 | 421/6 311 | 259/3
21| 1/6 95 | 43/3 174 [ 239/6 247 73 313 | 50/3
22 | 23/12 97 | 17/6 177 | 13/2 249 | 23/2 314 | 341/4
23] 5/3 101 | 19/12 178 | 128/3 251 | 67 317 | 101/12
26 | 25/12 102 [ 103/6 179 | 157/4 239 | 178/3 318 | 177/2
29 | 1/4 103 19 181 | 19/4 241 71/6 319 | 343/3
30 | 17/6 105| 3 182 | 71/2 246 | 421/6 321 | 33/2
31| 10/3 106 | 87/4 183 | 41 247 [ 73 322 | 107

33 1/2 107 | 197/12 185 | 19/3 249 | 23/2 323 87

34| 23/6 109 | 9/4 186 | 91/2 251 | 251/4 326 | 379/4
35 | 19/6 110 | 103/6 187 | 275/6 253 | 15/2 327 93

37 | 5/12 111 | 61/3 190 | 305/6 254 66 329 | 47/3
38 | 41/12 13| 3 191 | 130/3 255 | 200/3 330 | 103

39 | 13/3 14| 22 193 | 49/6 257 | 10 331 | 487/4
a1 2/3 115 | 139/6 194 | 251/6 258 | 66 334 | 719/6
2] 9/2 118 | 277/12 195 | 45 259 | 247/3 335 | 277/3
43 21/4 119 | 62/3 197 | 49/12 262 | 913/12 337 19

46 | 37/6 122 77/4 199 | 55 263 | 191/3 339 | 219/2
47| 14/3 123 [ 45/2 201 | 49/6 265 | 40/3 341 | 59/6
51| 13/2 127 | 80/3 202 | 207/4 266 | 407/6 345 | 55/3
53 | 7/12 129 | 25/6 203 | 127/3 267 | 145/2 346 | 501/4
55| 23/3 130 | 173/6 205 | 17/3 269 | 83/12 347 | 385/4
57 | 7/6 131 | 93/4 206 | 91/2 271 86 349 | 151/12
58 | 33/4 133 | 17/6 209 | 47/6 273 | 37/3 353 16

59 | 85/12 134 | 301/12 210 | 155/3 274 | 54776 354 119

61| 11/12 137 4 211 | 737/12 277 | 103/12 355 | 379/3
62 7 138 | 77/3 213 5 278 | 793/12 357 | 11

65| 4/3 139 | 127/4 214 | 757/12 281 | 25/2 358 | 1505/12
66 | 28/3 41| 3 215 | 139/3 282 | 235/3 359 | 109

67 | 41/4 142 | 63/2 217 | 29/3 283 | 1021/12 362 | 1159/12
69 1 143 | 73/3 218 | 583/12 285 8 365 | 65/6
70 | 67/6 145 | 16/3 219 | 173/3 286 | 563/6 366 | 253/2
71| 29/3 146 | 83/3 221 | 16/3 27 72 367 | 382/3
73] 11/6 149 | 35/12 222 | 105/2 290 | 449/6 370 | 791/6
74| 41/4 151 | 37 223 60 291 | 269/3 371 | 33473
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— 4;17 C;(z/Gl) 535 CK?%;)
g;i 166717/ /162 438 155 506 | 371/2
ST 533 439 | 533/3 509 | 215/12
370 T8/ 4427 517/3 510 | 194
ST 776 4437 569/4 511| 232
S ARETEIE 445 | 55/3 514 | 674/3
383 32273 446 | 440/3 515 | 363/2
ATE A7 147 517 | 127/6
386 2093 449 | 51/2 518 | 174

451 | 1121/6 519 | 213
389 | 151/12
390 38673 453 91/6 521 | 31
ST 454 | 759/4 523 | 2563/12
305|132 455 | 448/3 526 | 1463/6
390 | 1007/ 457 [ 30 527 | 532/3
305 34673 458 | 1675/12 530 | 1087/6
397 5774 461 61/4 533 | 37/2
398 | 66576 462 | 481/3 534 | 1319/6
390 42873 463 | 562/3 535 | 685/3
0T 132 65| 28 537 | 67/2
A 466 | 608/3 538 | 2647/12
103 | 59075 467 | 1765/12 541 | 301/12
e ies 469 | 20 542 | 551/3
A RETE 470 | 931/6 543 | 641/3
091 79/3 A71 ] 185 545 | 95/3
T 473 51/2 546 | 223
o= 474 | 357)2 547 | 2849/12
131 736 478 | 593/3 551 | 601/3
ARVE 479 [ 160 553 | 119/3
AR 77 481 101/3 554 | 2525/12
AR 482 [ 919/6 555 | 229
119 | 1619/12 483 169 557 | 233/12
1 209/12 485 | 101/6 559 | 775/3
17 | 155071 487 | 601/3 561 | 118/3
AR 489 | 187/6 562 | 758/3
=7 5 491 | 2119/12 563 | 761/4
o i 493 [ 119/6 565 | 151/6
301 100776 494 | 353/2 566 | 2497/12
B 497 [ 27 569 | 109/3
=31 16375 498 | 560/3 570 | 680/3
B 1333 501 20 571 | 1097/4
=51 4633 502 | 795/4 573 | 22

503 | 481/3 574 | 270

TABLE 4. Quadratic Fields Q(v/d), and 24[’;(&})1 for d < 574
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TRIVALENT PLANAR ALGEBRAS OVER FINITE FIELDS
EMI BRAWLEY

ABSTRACT. In this paper, we study and classify trivalent planar algebras over finite
fields, i.e., planar algebras generated by the Temperley-Lieb planar algebra and a
trivalent vertex. Our results are that, where C, is the space of diagrams with n
boundary points, the trivalent planar algebras with dimC,, bounded by 1, 0, 1,
1, 4, 10 for 0 < n < 5 include the golden planar algebras, quantum SO(3), and
quantum Gs; this parallels the classification of trivalent planar algebras over C, but
the number of planar algebras in several of these families—in particular, the golden
planar algebras—depends on the base field chosen. We also classify some trivalent
planar algebras that arise when the nondegeneracy assumptions are weakened, and
give directions for further investigation in this area.
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2 EMI BRAWLEY
1. INTRODUCTION

In this paper, we seek to generalize some past results regarding trivalent planar
algebras, by weakening several of the assumptions made about the base field of these
planar algebras and by weakening the nondegeneracy assumptions made in their
definition.

The first goal of this paper is to extend some of the results of [MPS16] and [Kup94]
to trivalent planar algebras over finite fields. We do this by following the calculations
of the relations that define these planar algebras, performed over fields of nonzero
characteristic rather than just over C. Furthermore, where [MPS16] relies heavily on
computer calculations and a strong non-degeneracy assumption regarding the inner
product, our results depend on neither; all calculations were done by hand, using the
methods described in [Kup94|, and we assume very little about the inner product,
relying only on the basic nondegeneracy of the 0-box space and the bigon relation.

We find that the dimensional assumptions that give rise to the trivalent planar
algebras known as the golden planar algebras, the quantum SO(3) family, and the
quantum G5 family result in trivalent planar planar algebras of very similar construc-
tion when taken over finite fields; we conjecture that the same holds true for the ABA
class of planar algebras.

The second goal of this paper is to investigate the trivalent planar algebras that
arise when some of the key nondegeneracy assumptions are weakened; in particular,
we describe the results of weakening the nondegeneracy of the bigon relation. We find
that the dimensional assumptions which give rise to the golden planar algebras result
in a very different “faceless” trivalent planar algebra that is degenerate in this way,
and we make some conjectures about the degenerate analogs of other nondegenerate
trivalent planar algebras.

Finally, we propose some possible directions for future research to further the

extension and generalization of past results regarding trivalent planar algebras.

1.1. Acknowledgments. I would like to thank Professor Noah Snyder, who super-
vised this project, for his mentorship and support throughout the program, and Josh
Edge and Patrick Chu for their mathematical advice and patience. I would also like
to thank Professor Scott Morrison and Professor Emily Peters for for creating the

figures used throughout this paper. Finally, I would like to thank Indiana University
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Bloomington for hosting the REU program during which the work for this paper
took place, as well as Professor Chris Connell, for organizing both the REU program
and the 2018 Indiana Undergraduate Mathematics Research Conference, at which I

presented the results of this project.

2. TRIVALENT PLANAR ALGEBRAS

In this section, we describe the notion of a trivalent planar algebra, as a special kind
of planar algebra that is " generated by the trivalent vertex,” along with an important
theorem regarding the uniqueness of these planar algebras. We assume the reader has
some familiarity with the notion of a planar algebra, and, in particular, is familiar
with the various operations permitted by the action of the planar operad—rotation,
capping, multiplication, and so forth. Throughout this paper, we will denote the

n-box space of a planar algebra V as V,.

Definition 2.1. A trivalent planar algebra is a planar algebra C over some field F;

the elements of C,, are linear combinations of planar trivalent graphs with n univalent

boundary points. A trivalent planar algebra has the following properties:

° dimCozl;O:d
L] dlmcl =0

e dimC=1; () =b (1)

odimC3:1;/C\:t)\ (2)

A nondegenerate trivalent planar algebra is a trivalent planar algebra with d # 0 and

b # 0; in a nondegenerate trivalent planar algebra, we normalize the trivalent vertex
so that b = 1.
Where relevant, we refer to (1) as the “bigon relation” and (2) as the “triangle

relation.”

We may think of a trivalent planar algebra as being generated by those dia-
grams which can be constructed from the trivalent vertex and the diagrams in the

Temperley-Lieb planar algebra.
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It is important to note that in [MPS16], trivalent planar algebras are defined over
C; our definition is slightly different, and has no restriction on the field chosen, as
one of the primary goals of this paper is to extend the results of [MPS16] to trivalent
planar algebras over finite fields.

Throughout this paper, we denote the set of trivalent planar graphs with n bound-

ary points and at most k internal faces having four or more edges by D(n, k). Fur-

thermore, we refer to as a or the “trivalent vertex.”

We now introduce a theorem concerning the uniqueness of nondegenerate trivalent

planar algebras.

Theorem 2.2. [MPS16, Corollary 2.4] Given a collection of linear relations amongst
planar trivalent graphs, such that any closed diagram can be reduced to a multiple of
the empty diagram by those relations, there there is a unique nondegenerate trivalent

planar algebra satisfying those relations.

This theorem allows us to define nondegenerate trivalent planar algebras solely in

terms of the relations between their elements.

3. THE GOLDEN PLANAR ALGEBRAS

Theorem 3.1. A trivalent planar algebra C over F with dim Cy = 2 exists if and only
if the quadratic d* —d — 1 = 0 has at least one solution in F. If such a trivalent

planar algebra exists, it is characterized by the relation

O

with d*> —d — 1 = 0; each solution to this quadratic corresponds to a unique trivalent

planar algebra.

To prove this theorem, we require the following lemma, which describes an evalu-

ation algorithm for closed diagrams in certain trivalent planar algebras.

Lemma 3.2. [cf. MPS16, Lemma 4.8] If there is a relation of the form

(DX

then any trivalent graph in C, can be reduced to span D(n,0).
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Proof. Suppose we have a diagram with some internal faces. Assuming there are no
faces with three or fewer edges, and so we cannot immediately reduce the diagram
to something with fewer faces, choose the smallest face. We can apply the relation
above to the smallest face, yielding a sum of terms with either strictly fewer faces
or a smaller smallest face. We may repeat this process until the diagram is reduced
to a sum of terms with either strictly fewer faces or a smallest face with at most
three edges; we may then, where appropriate, reduce that smallest face so that the
diagram is reduced to a sum of terms which all have strictly fewer faces than the
original diagram. By induction, therefore, we can write any diagram as a sum of

terms with no internal faces. O

Proof of Theorem 3.1. Consider C;. Suppose that > < and g are not
RN

linearly independent, i.e.,

(3.1) \/:k:><
RN

for some nonzero k. We have that

X'*_O’
k;> <.)\:k)\#0%

thus, in fact, we cannot have a relation like 3.1, and so > < and A must be
RN

and

linearly independent. Since dim(Cy) = 2, the set

L]

must form a basis for C4. Thus we must be able to express the other elements of Cy4

as linear combinations of these elements; in particular, we must have a relation of

XX

the form
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Rotating this relation gives

DX

Capping the first relation gives that = + dy = 0, so x = —dy; this, together with our
assumptions of nondegeneracy, implies that z and y must both be nonzero. Squaring

the first relation and simplifying by the bigon relation gives that

X = x2> <+ (2zy + dyz)\/.
RN

So we must have that z = 22, and since z # 0 we can multiply by ™! to give z = 1.

Similarly, we have y = 22y + dy?, so y = —d~!. Thus we have that

XX
(X

Multiplying these two relations together gives that

(X

71

and

which in turn gives that ¢t = Capping off the rotated relation gives that

d=d*—1.
By 3.2 we know that the resulting relation,

DI

is sufficient to reduce any closed diagram to a multiple of the empty diagram, and so
by 2.2 we have that, where such a relation is valid, this relation determines a unique
nondegenerate trivalent planar algebra.

It may be true that if we are working over certain finite fields—for instance, the
field with only two elements—there are no solutions to d> —d — 1 = 0, in which
case it is necessary to work instead over some extension of our original field. In
fields of characteristic other than 2, we have that d = 27'(1 £ v/5), yielding that
t=2"11=F \/3) Thus we have two possible values of d and ¢; the only exception is

in fields of characteristic 5, where we must have that d =t = 3.
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4. QuanTUM SO(3)

Theorem 4.1. If C is a trivalent planar algebra, and dimCy = 3, then C is a mem-
ber of the one-parameter family of quantum SO(3) planar algebras, characterized by

relations of the form

e X))

each value of d corresponds to a unique nondegenerate trivalent planar algebra.

Proof. Since dim C4 = 3, we must have some relation among the elements of D(4,0),

and in fact this relation can be written in the form

(v (.

Rotating and substituting this relation in for gives that 1 = 2%, 2129 + 23 = 0,

2123 + 2o = 0. Thus we see that in fact we can rewrite this relation as

(D ()

with a* = 1. Capping the relation gives that a = 2(1 + da), ie., 2 = (a + d)™*

also see from this relation that z # 0. Multiplying the relation by a trivalent vertex
gives that 2 = at +1, i.e., t = a(a+d)~! —a. Now, multiplying the relation by >_<

gives a relation for the square in terms of the basis elements of Cy:

GH = (at + z)>_< — zt> <+ az(l— t)\/
RN

Rotating this relation gives yet another relation for the square:

ey rora) (et
D€

is a basis for C4, we then have that (at + z) = at+ z, z(a+ 2) = —=zt, and

Since

az* = az(1 — t); solving this system of equatlons gives that @ = —1. Thus we have
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that t =1 — (d — 1)~', and we have the relation

XH NV

From 3.2 and 2.2, we have that each relation of this form determines a unique

nondegenerate trivalent planar algebra.
O

5. CUBIC PLANAR ALGEBRAS

Definition 5.1. A cubic planar algebra is a trivalent planar algebra where dim Cy, = 4.

Proposition 5.2. In any cubic planar algebra,

(a) {X >_<> <\/} form a basis of Cy. [MPS16, Proposition

4.16]

(b) we have the square relation
Pt \\/ dt2+t2
Codt+d+t dt+d+t

Proof. We begin by writing the square as a linear combination of the basis elements

of C4; since the square is rotationally invariant, we can write

=D )00

Multiplying by a trivalent vertex gives the equation t*> = a + b + bt; capping the
relation gives that a + da + b = 1. Assuming that dt + d + t # 0, this system of
equations gives exactly

—t?+t4+ 1 d? 1P -1

dt+d+t’ — dt+d+t’
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6. ABA

Over C, the ABA family of trivalent planar algebras is a family of cubic planar
algebras with dimC; = 8 [MPS16, cf. Section 5]. The proof of the existence of the
relations among the elements of C; which define these planar algebras relies heavily on
the assumption of nondegeneracy of the inner product; we have so far been unable to

reproduce these relations by any other method, but we conjecture that it is possible.

Conjecture 1. A nondegenerate cubic trivalent planar algebra C over F with
dimCs; = 8 exists if and only if the equation w® — 1 = 0 has multiple solutions; in

such a planar algebra, we have t> —t — 1 = 0.

Furthermore, we conjecture that the description above minimizes dim Cs for a cubic

planar algebra.

Conjecture 2. No nondegenerate cubic trivalent planar algebra C exists such that

C5<8.

7. QUANTUM Gy

Theorem 7.1. IfC is a cubic planar algebra, and dim C; = 10, then C is a quantum
Gy planar algebra, defined by the relations d = ¢"° + @ +® +1+q¢ 2 +q 8 +¢71°;
t=—-® 2/(1)16,'

- s (>< ) ()
| Yy

|

where ®, is the kth cyclotomic polynomial, i.e, ®;, = ]_[C(ql/2 — (qY?) where the

product is taken over all primitive kth roots of unity; q must satisfy

By D7 D14 D 1Py 7 0.
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In order to prove this theorem, we require the following lemma.

Lemma 7.2. [MPS16, Lemma 5.13, Lemma 5.15] Suppose C is a planar algebra
generated by a trivalent vertex, with relations reducing n-gons for eachn < 4. Suppose

further there is some relation between the diagrams

AT OR
Then there is a relation reducing the pentagon (as a linear combination of the acyclic

diagrams in Cs), and Cy is spanned by the acyclic diagrams in Cs.

Proof of Theorem 7.1. There are exactly 10 acyclic diagrams in Cs, so the as-
sumption that dimCs = 10 together with the above lemma gives that these acyclic
diagrams form a basis for C5. We can now express our assumptions as the following

set of equations:

AL
()0 ¢ 2)



TRIVALENT PLANAR ALGEBRAS OVER FINITE FIELDS 11

g i{*ﬁ*?ﬁf*ﬁ

ol oy e

Note that we have not yet, as in other calculations, normalized the trivalent vertex
so that b= 1.

We now proceed as in [Kup94|, constructing diagrams with exactly two faces, each
of which has five or fewer edges, and simplifying these diagrams in two ways (varying

which face is simplified first). This yields the following system of equations.
b* = bdy + dy + ady
¢ =bdy + cdy + dy
bec = 2bey + 2e9 + aey + ceq
cdy = dieg + cep + bep + e
cdy = doeq + begy
diey + dy = e%
die; + d% = 6% +cer +dieg
die; = e% + dieg + e
dieg + cdy = e1eq + bey + 2dse;
diey = erey + daey

d1€2 + d1d2 = €163 + ceg

Setting e; = 1 and d; = —q® — ¢ 2 gives a unique set of solutions a = ¢'° + ¢® +
CAl4q24q¢84¢ 0 b= -~ —@—qg?—qi—qgS c=q¢"+1+q"
dy = ¢*+1+q % ey = —1. This is identical to the solution obtained in [Kup94],
except for the choice of ¢? instead of ¢; the calculations involved are the same in a
field of nonzero characteristic as they are over the complex numbers. As Kuperberg

notes, we can multiply b, ¢, dy, and e; by a constant, and ds and e; by the square of
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that constant to obtain another solution; we let this constant be —®3P¢P4, so that
b = 1, and thus obtain the coefficients given in the statement of Theorem 7.1. The

restrictions on ¢ come from the nondegeneracy assumptions that a # 0 and b # 0.

8. ABANDONING NONDEGENERACY

Recall that in the definition of a trivalent planar algebra, we assumed that b,
the coefficient in the bigon relation, was nonzero, and we normalized this to give
b= 1. It is interesting to investigate what happens if we weaken this nondegeneracy

assumption, allowing b = 0.
8.1. Degenerate “golden” planar algebras.

Theorem 8.1. Suppose C is a trivalent planar algebra with dimCy = 1, dimC; = 1,
dimCy = 1 with b = 0, dimC3 = 1, and dimCy = 2. Then the elements of C,
are linear combinations of non-crossing pair and triple partitions of a circle with n
boundary points; in particular, this planar algebra is “faceless”, i.e., any diagram

with an interior face is equal to zero.

Proof. As in Section 3, we begin from the fact that

/\
forms a basis for CQ, and thus

(X

for some x and y. Capping this relation gives that x = —dy; squaring the relation

gives that 22 = 0 and 2zy + dy?> = 0. Solving this system of equations gives that

X:o.

Unlike in the case of the golden planar algebras, this relation gives no restrictions on

x =y = 0, and thus we have that

d; thus we have a one-parameter family of these degenerate planar algebras.

Now suppose we have a diagram with an interior face. Consider this interior face.

If the face has at least three edges, the diagram contains an X and is thus equal
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to zero; if the face has one or two edges, we know already that we may reduce the
diagram to zero. Thus any diagram with faces must be equal to zero.
Suppose we have a diagram in C,, with a connected component that contains more

than one trivalent vertex. Since this is a trivalent planar algebra, we must have at

least two trivalent vertices connected to each other, forming an , and thus the

diagram must be equal to zero. Thus we see that each connected component of a
nonzero element of C,, can contain at most one trivalent vertex. We can therefore
characterize the nonzero elements of C,, as linear combinations of non-crossing pair
and triple partitions of a circle with n boundary points. This also immediately gives
some bounds on the dimensions of the C,; for instance, dimCs; < 5, and dimCg <

8. 0J

Directions for further investigation. It would be interesting to investigate the
degenerate trivalent planar algebras that arise from the dimension assumptions that
produced the other nondegenerate planar algebras described in this paper. To that

end, we make the following conjecture.

Conjecture 3. Suppose C is a trivalent planar algebra with b = 0, and dimCy = 3.
Then C s, as described above, a “faceless” planar algebra—that is, its only nonzero

elements are linear combinations of diagrams with no internal faces.

It would also be interesting to investigate the degenerate trivalent planar algebras
that arise when dimCy = 4, dimC; = 5, and so on. In fact, this kind of degen-
eracy would seem to make describing these planar algebras very easily due to the
ease of computing relations, although these planar algebras might perhaps be more
difficult to classify. One could also investigate degenerate and nondegenerate braided
trivalent planar algebras and their skein theoretic invariants over fields of nonzero

characteristic.
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VOLUME ESTIMATES OF IDEAL HYPERBOLIC SIMPLICES

CORNELL HOLMES

ABSTRACT. In the paper ”Simplices of maximal volume in hyperbolic n-space,” U.
Haagerup and H. Munkholm estimate the volume of the ideal regular hyperbolic
n-simplex by relating it to the volume of the regular euclidean n-simplex inscribed
in the unit sphere. In this paper, we use analogous techniques and the Lasserre-
Avrachenkov theorem to estimate the volumes of ideal hyperbolic n-simplices by
comparing the volumes of ideal hyperbolic n-simplices to the volumes of the eu-
clidean n-simplices with the same vertices as the hyperbolic simplices in the pro-
jective model.

1. INTRODUCTION

1.1. Preliminaries. An n-simplex is ideal if all of its vertices are on the boundary
of H". Throughout this paper, let 7[n] denote any ideal hyperbolic n-simplex with
vertices v, . . ., v, in the projective model of H", let o[n| be the euclidean n-simplex
with the same vertices on S™ !, and let ¢, be the function

on(a) = / (1 —7r?)"“dr, a < n.
on]

The approach to the conjecture is motivated by the following observations from
Haagerup and Munkholm in [1].

Remark 1. The volume Vol(r[n]) of T[n] can be expressed as an integral over o[n]
as

(1) Vol(r[n]) = / e

Remark 2. ¢, is logarithmically convex as it is the integral of a logarithmically
convex function. Thus

o ()R ) ()

holds for n > 2.
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1.2. Conjecture. We are interested in studying the quantity Vol(7[n]) = ¢, (%)

by obtaining precise bounds for ¢, (%) /¢, (0). ©,(0) = Vol(o[n]) is easily com-
putable by a determinant formula given the vertices, so we need only study the ratios
on (") /o(252) and ©,(0)/¢,(—1) to use (2) to estimate Vol(r[n]). Let {rn]}52,
be any sequence of ideal hyperbolic n-simplices in n with corresponding euclidean
n-simplices {o[n]}2,. We may assume that the corresponding euclidean simplex of
7[n] has a center of mass at zero by isometry of H" for each n. That is, Y. jv; = 0.
For any such sequence we conjecture that
Vol(t[n])

(3) 0 otte) — Ve

2. PROOF
2.1. Lower Bound. First, we determine ¢, (0)/¢,(—1) given any euclidean simplex
o[n] corresponding to 7[n].

Theorem 1. Let o[n] be any euclidean n-simplex with vertices vy, ...,v, on S™1
forn>1. If c = ||=5 >0 g vil|, then

n+1
n+2

(4) Vol(on])™! /[ [(1 —7r3)dr = (1 - %)

Proof. Let Aln] = {(to,...,ta)|t; > 0,21 t; = 1} be the standard n-simplex in
R™*! and let S be the set of permutations of 0, ...,n. Define E to be the formation
of mean values over all permutations 7 € S such that E(f) = 1/(n+1)! > ¢ f(m) for
any function f of permutations. The inclusion function from (0,1] to R™ is continuous
and concave, so our integral becomes

Vol(o[n]) ™ / (= /A Ity

—B([ (1= 11Xt )
Aln] i=0

for ;1 the measure on Aln| such that p(A[n])=1 by the construction in Lemma 3 of
[1]. Note that

n

E(L—1) tapuill®) = (=)= ).
i=0 i=0
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It follows by linearity of the integral and the integrand that

B / A= 1Y byl B)dr) = / B~ 1Sty s
Aln] i—o Aln] i=0

n+1 / ~
(1—=% t)du| .
o Jap] iZ:(;

=(1-¢

Lemma 5 in [1] shows

n—l—l/ “. n+1
15" 3)dy = ,
- Am( ;Z)u ——

therefore we have

Vol(o[n]) ™" /[ ]<1 —)dr = (1 — 02)Z 1 ;

O

2.2. Upper Bound. In our initial investigation of the ratio ¢, (™) /¢, (%5+) we
generalized a geometric approach explored in [1].

Theorem 2. For each v = 0,...,n let ¢; be the signed euclidean distance between
the affine (n — 1)-plane A; that contains the i boundary face 8;0n] of o[n] and the
origin, positive if the outward normal points away from the origin and negative if
the outward normal points towards the origin. Also for each i =0,...,n let 7;[n] be
1deal hyperbolic n-simplex viewed in the upper half space model with n vertices on the
(n—2)-sphere S"% = {x € R"|z,, = 0, ||z|| = 1} corresponding to the vertices of any
euclidean (n — 1)-simplex similar to d;0n] on S™2 and the last vertex at the point
at oo. Then forn > 2

" Vol(r;[n])
=(n-1) [ZCiW — 1] .

1=0

("5
(n_+1
2

|>—l
~—

S

Proof. Define the vector field
V(r) = (1 -7~ =02

on o[n] and let n be the outward normal to the boundary do[n]. Along each boundary
face 0;0[n], the dot product r-n is equal to the length of the orthogonal vector between
A; and the origin up to a sign that depends on the orientation of n and is therefore
constant. That is, r - n = ¢;.
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For each 0;0[n], let p; be the radius of the (n — 2)-sphere circumscribed around
O;0[n] that lays in A;, and let y; be the vector from the origin to the circumcenter.
Define the function

i Ooln] =R, Bi(r) = [|r — pl].

Note that y; is orthogonal to the linear plane corresponding to A;, so for all r € 9;0[n]

ror=((r— )+ ) ((0— )+ )
= Bi(r)® + i - 1
= Bi(r)* + (1= p})

The last equality comes from expanding the inner product of a vertex v; of J,0[n]
with itself. Thus

/ V-ndS:Z V - ndS
don]

= Jo.oln)
= ch/ (1 —r%)~(=b/2g8
= Joo)

=Yoo [ (s o
i=0 0;o[n]

Fix any ¢« = 0,...,n. By an isometry in the projective model, we can assume
that A; = {x € R"|z,, = b;} for some |b;| < 1. Now define the function
1

fit 4 — R filz) = f(1717 ey Tpo1,0)

)

and let f;(0;0[n]) = oy[n — 1]. This transforms our integral over d;0[n] into the
integral

[ gy g = [ @y
i[n—l] i[n—l]

oin — 1] is a euclidean (n — 1)-simplex with vertices on S™ 2 similar to d;o(n] so
we can take 7;[n] as the hyperbolic n-simplex that projects onto the ideal hyperbolic
(n — 1)-simplex with vertices corresponding to those of o;[n — 1] on S"72 from the
point oo in the upper half plane model. It follows from (2.2) in [1] that

V. -ndS=(n-1) Zci‘/ol(n[n]).
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The result follows from equation (1) and the divergence theorem.

/ divV (r)dr = / (1 —7r3)~=D2qr 4 (n — 1)/ (1 — r2)~(+D/2g,
o[n] oln]

oln]

_ / (1= 2" 2dr 4 (n — 1)Vol(r[n])
oln]
=(n—1) ZCZ-VOZ(TZ‘[TL])

2.3. Lassere-Avrechenkov Method. Our second approach to studying the upper
bound we attempted to turn our integral over a euclidean simplex into a power series.
For any real-valued symmetric multilinear ¢g-form H : (R")? — R the Lasserre-
Avrachenkov theorem shown in [2] gives

H(x,...,x)dx:M Z H(viy, ..., v4,).

("3%)
aln] q 0<iy <ig,...,<ig<n

To compare ¢,(%F) to ¢,(“5), we consider the integrand (1 — r?)~*. Expanding

this as a power series in terms of r we have
“(a+k—1
(1—7‘2)_“:2 ( +k )r%, Ir| < 1.
k=0

Each term 7% is a homogenous polynomial of degree 2k, so there exists a unique

multilinear symmetric 2k-form Hyy, for

k
HZk:(Xla“ sz) = —k; Z H Xr(20-1), X7 21))
€So, =1

such that for all x € o[n]

x| = Ha(x, ..., x).
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Therefore we can express @, (a) as

/ (1—r%)"%dr = / (Z (O‘ e 1)#’“) dr
ofn] o) \'s=5 k
(a+k—l)/ 2K g
k on]

k=0

Vol(oln]) + g (O‘ +Z - 1> Ho(x, ..., x)da.

o[n]

Let Ag = 1 and for k£ > 1 define the term

n+2k\
Ak:< 2]{,‘ ) Z Hgk(vil,...,’l}i%)

0<i1 <ia,...,<igp<n
Applying the Lassere-Avrechenkov theorem we transform the integral into the sum

oo <a+k—1)

Vol(o[n)) (1+ZW > HQk(vil,...,Um)> =Vol(o[n]) > (a+:— 1)Ak.

k=1 0<41 <i9,...,<ig <n k=0

We have reduced the comparison of the integrals ¢,(%1) and ¢, (%5*) over o[n]
to a comparison of convergent sums with similar terms.

pnla+1) 3 (01 A
en(a) > ko (a+/}§_1) Ak
S (DA + DA
Zzio (a+1]:_1)A’f
1ok () A

a3, (aJrZil)Ak
n+2k

There are ( oh ) possible monotonic increasing sequences 0 < i1 < ... < g, < n of
length 2k and (2k)! permutations in the group Sa, thus the term Ay can be seen
as the average of all products Hle(vig[n],via[n]). As k grows, the number of inner
products multiplied in each product increases, and |(v;,v;)| < 1, so the average of
each product summed decreases. Thus we know the quantity A decreases, but to
estimate this ratio we would need to study the decay rate of the term Aj. For
example, if (O‘+II:_1)Ak were to decrease geometrically such that (O‘+£_1)Ak = a” for

=1+
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o < 1,

2 > ka” 2 a

PN R & R TR | ()

We can write Hog(vy,...,v) in terms of Ho,_o for k > 2. Partition the set
of summands of (2k)!Hay(vy, ..., va;) such that each class [Hfﬂ(vﬂ(m,l), Ur(21))] con-
sists of the 2Fk! summands with the same factorization into inner products. Fix
any j = 1,...,k and any permutation m € Sy,. There are 28~1(k — 1)! permuta-
tions of the elements {1, .. 2k:}\{7r(2j —1),m(2j)} such that a summand of (2k —
2) Hop—o(V1, - -, Un(2j=1)s - - - » Un(2j)5 - - - » V2i) multiplied by (vr(2j-1), Vx(25)) factors into
all of the same factors of Hl 1 (Un(21-1), Ur(21)). As this holds for each j = 1...,k, there
are 2F~!k! summands in the sum expanded sum of (2k—2)! D 0<w<y<ak Hgk_g(vh ey Uy

Uy, -« . -, Vo) (g, vy) that correspond to Hf:1<v7r(21_1), Uray). This correspondence
is unique up to equivalence class and extends to a partition on the sums between
these sets so we have

2k—2 5 ~
H2k<’l}1,. .. ,UQk) Z Hgk 2 ’Ul,. oy Ugy v ,Uy, Ce ,ng)<vx,?}y>

0<e<y<L2k
2k ~
) g Hopo(v1, .o, Vg, oy Uy, e vy Vo) (Vg Uy).
0<e<y<2k

Extending this to Ay,

n+ 2k k ~ ~
Ak: < ) (2 E H2k72<v7;17"'7viz7"'7viy7"'7vi2k)<viz7viy>
0<11<12, L<i9<n \0<e<y<2k

:<”+ 2’“) (zz’f) S Haaln v S (o)

0<11<12, <9k —2<n 0<e<y<2k 0,ip—1<r<ig,s
iy—2<s<iy—_1,n
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Abstract

In this paper, we develop the theory of (m,n)-pseudoplanes, a generalization of
projective planes. In particular, we consider the natural analogue of the question
posed by Erdds of whether every finite partial plane embeds in a finite projective plane
to see that it trivializes in the case of (m,n)-pseudoplanes with m or n > 3. This fact
implies that the theory of generic (m,n)-pseudoplanes has no prime model.

1 Non-degeneracy in (m,n)-pseudoplanes

An incidence structure (P, £, 1) is a set of points P, a set of lines £, and a binary relation
of incidence I between them.

We say a set of points A is incident to a set of lines B when each point in A is incident
to each line in B. Abusing notation, we say that a point p is incident to a set of lines B
when {p} is incident to B, and similarly for a line and a set of points.

Definition 1.1. A (m,n)-configuration is an incidence structure such that no set of m
points is incident with a set of n lines.

Definition 1.2. When m,n > 2, a non-degenerate (m,n)-pseudoplane is an incidence
structure such that

1. Every set of m points is incident with exactly n — 1 lines.
2. Every set of n lines is incident with exactly m — 1 lines.

3. (Non-degeneracy) There exist some mn points such that no m+1 of them are incident
to a single line, and there exist some mn lines such that no n + 1 of them are incident
to a single point.

Projective planes are (2,2)-pseudoplanes. In particular, the existence of a quadrangle
in a projective plane implies the existence of its dual structure, a quadrilateral, in that
projective plane, and so both halves of the non-degeneracy axiom in Definition 1.2 are
satisfied.

The concept of duality in projective planes generalizes to pseudoplanes, but whereas the
dual of a projective plane is another projective plane, the dual of an (m,n)-pseudoplane
is an (n, m)-pseudoplane: if (P, L, I) is an (m,n)-pseudoplane, its dual is (£, P, I*), where
(l,p) e I* < (p,l) € I, an (n,m)-pseudoplane. Statements about (m,n)-pseudoplanes



can be dualized by both exchanging “point” for “line”and vice versa and replacing m by
n and vice versa. Thus the statement of non-degeneracy in Definition 1.2 consists of the
statement, there exist some mn points such that no m + 1 of them are incident to a single
line, and its pseudoplane dual.

The following two propositions are consequences of non-degeneracy; indeed, non-degeneracy
will typically be used in one of these forms. It is nevertheless helpful to define non-degeneracy
with an existential statement, as above, being both easier to check and more clearly a gen-
eralization of non-degeneracy in projective planes.

Proposition 1.3. In a non-degenerate (m,n)-pseudoplane,
(a) For each set of n — 1 lines, there exists a set of 2m — 1 points incident to it.
(b) For each set of m — 1 points, there exists a set of 2n — 1 lines incident to it.

Proof. Suppose A is a non-degenerate (m, n)-pseudoplane, fix a set S of n—1 lines in A, and
let T be the set of all points incident to S. We wish to show |T'| > 2m — 1. By definition,
A contains some set of mn points such that no m + 1 of them lie on a single line; denote
this set of points by ). No more than m points of @ are incident to any line in .S, and so
no more than m(n — 1) points in @ are incident with any line in S. Thus since |Q| = mn,
we may pick some m — 1 points in @ so that no point is incident to any line in S; call this
set K.

Any set K of m — 1 points in @ is incident to at least (mn —m + 1)(n — 1) lines: for
each point p € @ \ K, there is a set J, of n — 1 lines incident to {p} U K, and the sets J,
are mutually disjoint, since no m 4+ 1 points in @ are incident to any line.

Thus there is a set R of (mn —m +1)(n — 1) lines incident to K. Certainly RNS = &,
since K is incident to each line in R but to no lines in S. Similarly, T N K = &, since the
points in 7" are incident to S but those in K are not.

We now count the number of pairs (p,l) where p € T, [ € R, and p is incident to .
On the one hand, for each I € R, there are precisely m — 1 points incident to {{} U S,
which is to say, there are m — 1 points in 7' incident to I. Thus there are |R|(m — 1) =
(mn —m + 1)(n — 1)(m — 1) such pairs. On the other hand, for a point p € T, there are
n — 1 lines incident to {p} U K and so at most n — 1 lines in R incident to p. Thus we have
the inequality

|T|(n — (mn—m+1)(n—1)(m-1)

>
>(mn—m+1)(m—1)

1)
T
Now,

(mn—m4+1)m—-1)=mnh-1)+1)(m-1)
=(mn—-1)—(n-1)+1)m-1

=(m-1Dn-1)+1)m-1
>2m—1
since m > 2, n > 2. Thus
|T|>2m—1
as desired. The proof of the dual statement is similar. O]



Proposition 1.4. Suppose A is a non-degenerate (m,n)-pseudoplane. Then for each set S
of m points in A, there exist some n lines such that no line is incident with any point in
S. Similarly, for each set T of n lines in A, there exist some m points such that no point is
incident with any line in T'.

Proof. Suppose S7 is a set of m points in A. Then there are exactly n — 1 lines which go
through each point in A; call this set 7;. By Proposition 1.3, there are at least 2m — 1
points which are on each line in Tj: all of the points in Sy, of which there are m, and at
least m — 1 other points not in A. Let Sy be a set of m — 1 of these points which are not
in S7 but are on each line in 7;. By Proposition 1.3 again, there are at least 2n — 1 lines
which go through each point in Ss. 717 accounts for n — 1 of these lines, so there are at least
n others; Let T, be a set n lines not in 77 which go through each point in Ss.

We claim that no point in S is incident with any line in 75. Suppose there were some
point p € Sy and line [ € T, such that p was on I. Then {p} U S5 is a set of m points each of
which lies on each line in {{} UT7, a set of n lines. But A is an (m, n)-pseudoplane, and so
no m points can be incident with n lines. Thus no point in S; is incident with any point in
T5, and in general for each set of m points in A, there exists some set of n lines such that
none of the m points are incident with any of the n lines. The proof of the dual statement
is similar. O

The next proposition generalizes the result in projective planes that if one point has
n + 1 lines incident to it, each point has n + 1 lines incident to it, and likewise the dual.

Proposition 1.5. In any non-degenerate (m,n)-pseudoplane with m,n > 2:
(a) The number of lines through each set of a points is the same for 1 < a < m.
(b) The number of points on each set of b lines is the same for 1 < b < n.

Proof. We prove (a) by induction. If @ = m, the statement is clear, since there are precisely
n — 1 lines which go through each set of m points in any (m,n)-pseudoplane. Thus fix a
with 1 < a < m — 1 and suppose that for each a < ¢ < m there is some constant L. so
that there are exactly L. lines incident with each point in any set of ¢ points. To show (a),
then, it suffices to show that, given this induction hypothesis, if A; and Ay are two sets
of a points in some non-degenerate (m,n)-pseudoplane such that |A; N Az| = a — 1, then
the number of lines which go through each point in A; is the same as the number of lines
which go through each point As. Then for A and A’ sets of a points each (with arbitrary
intersection) we can construct a chain A, Ay, ... Ay_1, A’ of sets of a points with k& < a such
that two adjacent sets in the sequence share a — 1 points. By induction and transitivity we
can then see that the number of lines which go through each point in A is the same as the
number of lines which go through each point A’.

So suppose A; and A, are two sets of a points in some non-degenerate (m, n)-pseudoplane
such that |4; N As] = a—1. Then |4; U A3] = a+1 < m, so by Proposition 1.4, there exist
some n lines which don’t go through any point in A; or As. Let B be a set of n — 1 of these
lines not incident with any point in A; U Ay. Denote the number of points on each line in
B by rp and the number of lines incident with each point in A; by t4,, and the number of
lines incident with each point in As by t4,.

We count the number of ordered pairs (p,l) where p is a point incident to B, [ is a line
incident to Aq, and p is incident to [. On the one hand, we can first pick a point p incident
to B, for which there are rp choices, and then pick a line [ incident to p and to A. Since



|Ai| = a, l is picked incident to a set of a + 1 points, and so by the induction hypothesis,
there are L,41 possibilities for . Thus the number of ordered pairs (p,) with the desired
properties is rgLg+1. On the other hand, we can first pick the line [ incident to A;, for
which there are t4, choices, and then pick a point p incident to ! as well as B, for which
there are m — 1 choices, since |B U {l}| = n, for a total of t4,(m — 1) pairs (p,l) with the
desired incidences. Thus rgLey1 = ta, (m —1).

An identical argument counting the number of ordered pairs (p,l) where p is a point
incident to everything in B, [ is a line incident to everything in As, and p is incident to [
shows rgLa+1 = ta,(m —1). Thus since m > 2, t4, = ta,, as desired.

Thus by the chaining argument and induction, we have showed the number of lines
through any set of a points is the same. The proof of (b), the dual statement, is similar. [

Definition 1.6. In a non-degenerate (m,n)-pseudoplane, denote the cardinality of the set
of lines incident to each point in a set of a points L, for 0 < a < m. Denote the cardinality
of the set of points incident to each line in a set of b lines by P, for 0 < b < n.

Notice that Lg is just the number of lines and P, is just the number of points, and so
the constants L, and P, are well-defined by Proposition 1.5. In an (m,n)-pseudoplane, it
is possible that L, and P, are infinite cardinals; the proof of Proposition 1.5 implies the
constants are well-defined even when they are infinite.

In a finite projective plane of order n, P, = Ly =n+ 1.

There are tight relationships between the constants L, and P, which we will prove
in Proposition 1.8 using counting arguments. The following technical lemma ensures the
existence of the starting configurations used in these counting arguments.

Lemma 1.7. In any non-degenerate (m,n)-pseudoplane, if a,b,r, and s are nonnegative
integers such that a < m, b < n,r <a, s <b, ifa=m then s <n—1, if b =n then
r<m-—1, and r = a if and only if s = b, then there exists a configuration of a set A
of a points and a set B of b lines such that there are exactly r points in A incident with
everything in B, and exactly s lines in B incident with everything in A.

Proof. In a non-degenerate (m,n)-pseudoplane, there are at least m points, and by Propo-
sition 1.4 there are n lines with no incidences to any of the m points. Thus since a —r < m
and b — s < n, certainly we can find a set A; of a — r points and and a set By of b — s lines
with no incidences between any of these points and lines. Now, if a — r < m, there are at
least 2n — 1 lines incident to Ay, and so we can choose s of these lines to form a set By. On
the other hand, if a — r = m, then since a < m and 0 < r < a, we have a = m and r = 0.
Then s < n —1 is given. The number of lines through all a — r points is n — 1, and so since
s < n —1 we may pick s lines incident with everything in A; to form a set Bs.

Notice B1NBy = @ if a # r, since the lines in B; are not incident to the points in Ay but
the lines in By are. Thus |By U Ba| = (b—s) + s = b. Indeed, even if a = r, b = s is given;
then By = @, By U By = Bs, and |B; U By| = s = b. So regardless, we see |B; U By| = b.
Then if b < n, there are at least 2m — 1 > m points on all lines in By and so certainly we
may choose a set Ay of r < m points incident to everything in Bs. On the other hand, if
b =n, then »r < m —1 is given, and again we can choose A5 to contain r points so that each
point is incident to Bs.

Now A1 N Ay =@ if b— s # 0, since As is incident to those things in By but A; is not;
and even if b — s = 0, then also a — r = 0 is given, so A; is empty anyways. Either way, we
see |A1 U Ag| = a.



Let A= A1 UAs and B = By UBy. Ais aset of a points and B is a set of b lines. The
points in A incident with everything in B are precisely the points in As, of which there are
r. The lines in B incident with everything in A are precisely the lines in B, of which there
are s. Thus we have shown the existence of the desired configuration. O

When £ is an infinite cardinal and a is a nonnegative integer, we denote by x — a the
cardinality of a set of k elements from which a elements have been removed, and we denote by
(Z) the cardinality of the set of subsets of size a of a set of size k. Note that kK —a = (Z) =K
ifa>1.

Proposition 1.8. In any non-degenerate (m,n)-pseudoplane, if a,b,c,d,r, and s are non-
negative integers such that a+c<m,b+d<n,r <a, s<b, ifa=m then s <n—1, if
b=mnthenr <m—1, and r = a if and only if s = b, then:

(Lad_ s) (pbﬂé — r> _ (Pbc— r) (LH;— s) (1)

Proof. By Lemma 1.7 we can find a configuration of a set A of a points and a set B of b
lines such that there are exactly r points in A incident with everything in B, and exactly s
lines in B incident with everything in A. We count the cardinality of the set S of ordered
pairs of sets (C, D) where C' is a set of ¢ points, D is a set of d lines, CNA =@, DNB = &,
everything in A is incident with everything in D, everything in C' is incident with everything
in B, and everything in C' is incident with everything in D. If we choose the set D of d lines
first, we need D incident to everything in B and D N B = &; there are L, lines incident
to everything in A, but exactly s of those lines are in B. Thus there are (L“'d_s) choices
for D, if we choose it first. Then we pick a set C of ¢ points such that everything in C is
incident with everything in B and D (of which there are Py, points) and is disjoint from
A (which has r points incident to everything in B U D), for (P b+§”) choices of C given D.
Thus |S| = (“;°)("*¢7"). On the other hand, we can count the choices for C first, and
ber)
(&3

multiply by the choices for D given C: in this case, there are ( choices for a set C

incident with everything in B and disjoint from A and (“**;~*) choices for a set D incident
with everything in AU C and disjoint from B. Thus also |S| = (Pbgr) (L”dfs), and so (1)
holds, as desired. O

The identities in Proposition 1.8 are quite constraining; indeed, as we see in the next
theorem, in finite (m,n)-pseudoplanes which are not projective planes, the identities are
inconsistent, allowing us to conclude there are no finite (m, n)-pseudoplanes with m > 3 or
n > 3.

Theorem 1.9. All non-degenerate (m, n)-pseudoplanes with m >3 or n > 3 are infinite.

Proof. Suppose there were some finite non-degenerate (m, n)-pseudoplane A for m > 3 and
n > 2. We substitute a = m—1,b=1,c=d=1,r =1, s = 0 in 1 (since they clearly
satisfy the hypotheses) to see

Ly 1(Py—1)= (P —1)L,,.
Furthermore, witha=m —1,b=1,c=d=1, r = s =0, we see from 1,

Lin_1Ps = PiL,,.



Since A is finite, all of the constants L, and P, are constant; thus, subtracting, we see
mel :Lm:n—l

But by Proposition 1.3, L,,—1 > 2n — 1 > n — 1, a contradiction. Thus there can be no
finite non-degenerate (m,n)—pseudoplanes for m > 3 and n > 2.

The proof of the case m > 2, n > 3 is similar, with substitutinga =1,b=n—1,c=d =
1,7r=0,s=1in (1) tosee (L1 —1)P, = P,—1(La—1)anda=1,b=n—-1,c=d=1,r =
s=01in (1) to see L1 P, = P,_1Ly. Then P,_; = P,, contradicting Proposition 1.3. Thus
the only finite non-degenerate (m,n)-pseudoplanes are projective planes, as desired. O

The following questions about non-degeneracy in (m,n)-pseudoplanes remain open:

1. There is a well-known classification of the degenerate projective planes. Can the non-
degenerate (m,n)-pseudoplanes be similarly classified?

2. Does the condition that there are mn points, no m+ 1 of which are incident to a single
line imply its dual?

3. Can our non-degeneracy condition be replaced with a simpler (and self-dual) condition
which still suffices for the results in this section?

2 The existence and properties of (m,n)-pseudoplanes

While there are no finite non-degenerate (m,n)-pseudoplanes, there are plenty of infinite
ones.

Definition 2.1. Suppose A = (Po, Lo, lp) is an (m,n)-configuration. Define Fy(A) = A.
Then for each k > 0, given an (m,n)-configuration Fy(A) = (P, Lk, I1), define the (m,n)-
configuration Fy1(A) = (Prt1, Lit1, Ik41) as follows:

1. Pr41 includes all the points in Py. Furthermore, for each set S; of n lines in Ly, let
d; be the number of points incident to S;. Then Py also contains m — 1 — d; new,
distinct points incident to S;.

2. Ly includes all the lines in £;. Furthermore, for each set T} of m points in Py, let
e; be the number of points incident to 7;. Then L4 also contains n — 1 — e; new,
distinct lines incident to T}.

3. Iy41 is Ik, plus the incidences involving the added points and lines described above.

Note that, by induction, each Fj(A) is in fact an (m,n)-configuration, as in Conant and
Kruckman [1, Proposition 2.3].

Let P = U Pr, L = U2 Lk, I = U2 1. Then the free completion of the configura-
tion Ag = (Po, Lo, Lo) is F(A) = (P, L,I)

Proposition 2.2. The free completion of an (m,n)-configuration is a (possibly degenerate)
(m,n)-pseudoplane. The free completion of an (m,n)-configuration which contains some
mmn points such that no m+1 are incident to a single line and contains some mn lines such
that no n + 1 are incident to a single point is a non-degenerate (m,n)-pseudoplane.



Proof. The first statement is Proposition 2.3 in [1, p. 3]. The second is by the definition of
non-degeneracy, since A embeds in F(A4) and so the configurations contained in A are also
contained in F'(A). O

In infinite (m,n)-pseudoplanes, the constants L, and P, are well-defined as infinite
cardinals for which the combinatorial relationships found in Section 2 still stand.

Lemma 2.3. In an infinite non-degenerate (m,n)-pseudoplane, the constants L, and P,
are the same infinite cardinal, for0<a<m-—-1and0<b<n-1

Proof. In an infinite (m,n)-pseudoplane, some L; or P; will be infinite. Since Lo > L; and
Py > P;j, either Py or Ly will be infinite also. Then Py = Ly:
Settinga=r=0,b=s=0,c=m—1,d=nin (1) yields

()=G) ) g

and similarly a =r =0,b=s=0,c=m,d=n—11in (1) yields

L) ()= () ®

Thus if L is infinite, equation (3) shows Py must be infinite also, and in fact Py > Lyg.
Then equation (2) yields Ly > Py, and so together we have Py = Ly. We get the same result
starting with Py infinite and using equation (2) and then (3).

Now, usinga=r=0,b=s=n—1,c=m—1,d=11n (1) yields

(Lo—n+1)<m_1>:(P"_l)(Lm_l—n—i—l) (4)

m—1 m—1

Thus, if Ly is an infinite cardinal, both sides of the equation will be infinite, and so at least
one of P,_1 and L,,_1 will be infinite also.
Usingr=a—1,s=b—1,c=m—a,d=n—"bin (1) yields that for all 1 < a < m and

1<b<n,
Ly—b+1\(m—a\ (P—a+1\(n-0>
n—=>b m—a) m—a n—>b
Lo—b+1 Py—a+1
= . 5
( n—>b ) ( m—a ) (5)
At a =m — 1, equation (5) holds for all 1 < b < n as

mel -b+1
= (P — 2 6
(22 ) =-me) )
So if L,,_1 is infinite, for 1 < b < n — 1, P, is infinite also. Likewise, at b = n — 1 equation
(5) holds for all 1 < a <m as

(7)

P, - 1
(La—n+2)=< 1—a+ )
m—a

So if P,,_1 is infinite, for 1 < a < m — 1, L, is infinite also.



Thus, if Ly is infinite, equation (4) shows that at least one of L,,_; and P,_; is also
infinite. In the former case, equation (6) yields that for 1 < b < n — 1, P, is infinite also,
and in fact is equal to L,, 1. Then, in particular, P, _; is infinite and equal to L,,_1, so
equation (7) yields that L, is infinite and equal to L,,_; for all 1 < a < m—1 also. Then (4)
shows that Lo = P,_1L;,—1 = L2, = L;,—1. Since Ly = Py, we have that the constants
L, and P, are the same infinite cardinal, for 0 <a<m—1land 0<b<n-—1.

If instead we take (4) with P,_; infinite, the same argument shows the same result, but
with (6) and (7) used in the opposite order. O

Corollary 2.4. In an infinite (m,n)-pseudoplane, Py and L,,—1 are infinite.

Proof. In an infinite (m, n)-pseudoplane, some constant L, or P, is infinite, with 0 < a <
m—1or0<0b<n-—1. Then Py and L,,_; are both equal to that infinite cardinal, by
Lemma 2.3. O]

3 Model theoretic consequences

We consider (m,n)-configurations in the language £ = {P, L, I}, where P is a unary pred-
icate for points, L is a unary predicate for lines, and I is a binary relation for incidence
between points and lines.

The theory of (m,n)-pseudoplanes has a model companion, T}, ,,, as in [1, p. 4]. Models
of Ty, , are the existentially closed (m,n)-pseudoplanes.

The following background is found in [1].

Definition 3.1. Let A be an (m,n)-configuration with elements labeled (possibly with
repeats) by the variables Z. The diagram Diag,(Z) is the set of all atomic and negated
atomic formulas true in A.

As in [1, p. 4], when A is finite, we identify Diag 4(Z) with the formula /\LpEDiagA(i') ©.

Definition 3.2. Fix an (m,n)-pseudoplane B. We say that a subset A C B is I-closed (in
B) if, for all pairwise distinct points aq,...,a;, € A, if some line b € B is incident to each
of the a;, then b € A, and, dually, for all pairwise distinct lines b1, ...,b, € A, if some point
a € B is incident to each of the b;, then a € A. The I-closure in B of a set A C B is the
smallest I-closed subset of B containing A. If the I-closure of A in B is all of B, then we
say A generates B.

Proposition 3.3 ([1, Corollary 2.15]). Two tuples a and a’ have the same type if and only
if there is an isomorphism of their closures which sends a to a'.

Definition 3.4. Given an (m,n)-configuration A, a basic existential formula is one of the
form

3y Diag, (7, 9)
where Diag 4 (%, ) implies that T generates T7y.

While T, , does not have full quantifier elimination, it does have almost quantifier
elimination.

Proposition 3.5 ([1, Proposition 2.17]). Modulo T, ,,, every formula is equivalent to a
finite disjunction of basic existential formulas.



Lemma 3.6. Suppose A is a finite partial (m,n)—pseudoplane whose free completion F(A)
is infinite and non-degenerate. Then there is an (m,n)-pseudoplane B such that A embeds
in B and generates B, but B and F(A) are not isomorphic over A.

Proof. We inductively find lines r1, ..., "pmi2nt2 S0 that no n + 1 lines are incident with
a single point, and if k; is the minimal such that r; € F,(A), then k1 < -+ < Knmtont2
(i.e., the line r; first appears in a strictly later step of the free completion than all the r; for
i < j). Let r1 be any line in F(A). Now suppose we have found r; for i <1 < nm+ 2n+ 2.
Let X be the set of all intersection points of some n of the lines r; for ¢ <1 in F(A). The set
X is finite, since n lines intersect at exactly m — 1 points in the free completion, so certainly
we can pick m—1 points dy, . ..d,,—1 in FI(A)\ X, since F(A) is infinite and so has infinitely
many points by Corollary 2.4. There are infinitely many lines through dy,...d,,—1, again
by Corollary 2.4, and so we can choose one which is not in Fy, (A) and not incident with
any point in X to serve as r;41; F, (A4) is finite, X is finite, and for each point x € X, there
are only n — 1 lines through dy,...,dn—1, and z.

Partition the nm+ 2n+2 lines into four sets (of cardinalities m+1, n+1, (m+1)(n—1),
and 1, respectively) as follows:

S1={’/‘illg7;§m—|—l}
So={ri:(m+1)+1<i<(m+1)+(n+1)}
Ss={ri:m+1)+n+1)+1<i<(m+1)+n+1)+(m+1)(n—1)}
Sy={rivi=m+1)+n+1)+(m+1)(n—-1)+1}.

Let k = knmtont2. In Fr(A), Fum42n+2 is incident with m points, each of which lies on

at most n — 1 lines 7; in S1 U S2 U S5, by construction. So since |S3| = (m+1)(n — 1), there
are at least n — 1 lines in S3 without any intersection points to rmy2nt2 in Fi(A). Thus,

in Fiy1(A) there are m — 1 new points by, ..., b, — 1 lying on 712,42 and some n — 1
points in Ss.

There is no line in Fj11(A) through by,...,b,,—1 and any intersection point of any n
lines in S, since the b; in Fi1(A) lie only on n lines in S3 and Sy. Thus in Fj12(A) there
are distinct connecting lines through by, ...,b,,_1 and each intersection point of n lines in

S5. There are n + 1 lines in Sy, and so there are n + 1 collections of n lines in Sy, each of
which has m — 1 intersection points; and each of those intersection points is being paired
with by,...b,,_1 to yield n — 1 lines which go through all of them; and so this construction
yields (n + 1)(m — 1)(n — 1) new distinct lines in Fyo(A). Call this set of lines C.

Since n(m —1) > 2, we have n(m —1)+m—1>m+1,and (n+ 1)(m—1) > (m+1).
Thus |C] = (n+1)(m —1)(n —1) > (m + 1)(n — 1). Therefore we can construct m + 1
mutually disjoint sets each containing n — 1 of the lines in C' as well as one line in S;. Since
no line in S; is incident to any b; or intersection point of n lines in Sy by construction, each
of these new sets has no intersection points. Thus in Fj13(A) each will give rise to m — 1
intersection points, and in particular there will be some cy, ... c¢y,+1 not on the same line in
F(A).

However, we can extend Fj13(A) to a larger partial (m,n)-pseudoplane By by adding
a line incident to each of ¢i,...¢ne1. Then A embeds in F(By) and generates F(By), but
F(By) and F(A) are not isomorphic over A. O

We will use the following variant of Lemma 3.6 in the proof of Theorem 3.7 below:



Suppose A is a finite (m, n)-configuration, such that any completion of A is non-degenerate.
Then for any (m, n)-configuration B containing A and generated by A, B has multiple com-
pletions which are not isomorphic over A.

A final version of this paper will contain a proof of the above statement.

Recall that a model M of a theory T is a prime model if for all models N of T', there is
an elementary embedding of M into N. A countable complete theory with infinite models
has a prime model if and only if every formula is contained in a complete type which is
isolated by a single formula [3, p. 168].

Theorem 3.7. T, ,, does not have a prime model if m > 3 orn > 3.

Proof. Let A be a finite (m,n)-configuration which contains some mn points such that no
m + 1 are incident to a single line and contains some mn lines such that no n + 1 are
incident to a single point. Let z enumerate A. We claim that Diag 4 (Z) is not contained in
a complete, isolated type.

Suppose for contradiction p(Z) is a complete isolated type which contains Diag,(Z). By
almost quantifier elimination, there is some formula p(z) = \/f=1 0;(z) where the formulas
0;(Z) are basic existential formulas, which isolates p(Z) 3.5. Then there is some 6;(Z) such
that 6;(Z) € p(x). Certainly 6;(Z) implies \/f:1 0;(z), which in turn implies the type p, and
so 0;(x) itself isolates p(Z). Thus a basic existential formula 0;(z) = 37 Diagz(Z,y), where
B is an (m, n)-configuration into which A embeds, isolates the complete type p.

B, since it contains A, contains some mn points such that no m + 1 are incident to a
single line and contains some mn lines such that no n + 1 are incident to a single point.
Thus the free completion of B is infinite: F(B) is an non-degenerate (m,n)-pseudoplane, by
Proposition 2.2, and all non-degenerate (m,n)-pseudoplanes are infinite, by Theorem 1.9.
But then by Lemma 3.6, there are multiple completions of B (and thus also of A) which are
not isomorphic over A. But then 6;(Z) = 3y Diagg(Z, §) cannot have isolated a complete
type, by 3.3. Thus T, , cannot not have a prime model, as desired. O
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1 Abstract

Homotopy Type Theory is an alternative foundational system for mathematics
which provides a synthetic approach to homotopy theory. In this paper, we use
homotopy type theory to demonstrate an invariant which maps Q3(S?) to Z.
We then show that Z < 73(S?) by proving that the invariant maps the hopf
construction to 1.

2 Introduction

The framework of Homotopy Type Theory allows us to examine properties of
topological spaces from an abstracted perspective. Types correspond to spaces,
and the elements of the types correspond to the points in the spaces. Further-
more, a proof that two elements of a type are equal corresponds to a path in
the corresponding space. For example, the circle S corresponds to a type gen-
erated by one element base;, and one nontrivial way to prove that that element
is equal to itself, visualized with a diagram like this:

~

base;

The type of all loops around base;, or proofs that base; equals itself, is
written base; = base;. When a type only has one point (or is connected),
we often want an abbreviated notation for loops around that point. We use
the operator 2 to mean loop space, so for example Q(S') = (base; = basey).
Similarly, we use Q" for the n** iterated loop space. For example if type 7" has
only one point ¢, then Q?(T) = (refl; = refl;)

Central to calculating homotopy groups of types are computations with path
spaces of types. However, in general, computing any information about path
spaces is difficult. Even the quesiton of whether two representations of a path



are equal is difficult. We solve this problem by mapping the path space of a
type onto part of the path space of the universe /. This allows us to take ad-
vantage of univalence, which tells us that paths are no more than equivalences.
Furthermore, 2-paths in &/ turn out to be no more that homotopies between
equivalences, and 3-paths and beyond correspond to homotopies between homo-
topies. This correspondence is useful because both equivalences and homotopies
are special types of functions, and one can extract information from functions
by plugging in inputs to them.

3 Equivalences

We now explicitly write down the correspondence between paths in i/ and equiv-
alences/homotopies. Firstly, 1-paths in &/ may be represented by equivalences
as univalence directly tells us

(A=B)= (A~ B)

The correspondence between higher paths and homotopies can be written
down as follows for loops

QO U, T) =[N 1)

We need to prove this and construct explicit equivalences between these two
types for n up to 3. It turns out that the right side of the above equality can
be written as a homotopy of two functions. To make use of this, we define for
any A : U three functions

idi A= A | idy:idy ~idy = [Ja=a | ids:idy ~idy = [[refl, = refl,

idia=a a:A a:A

idg a = refl, ids a = reflyen,

We can now rephrase the above type equality and prove it. We define a type
equivalence

eq, : Q"N U, T) —id, ~id,
With

€Jo = APfypext © idtoeqUiV

€qs = aJpapfumxt © APfynext © 1dtoequ1V

For n = 2,3. We also define for n =1



eq; = idtoequiv

Which parallels the above definitions but does not have the same type, be-
cause there is no idg.

4 Invariant

We would like to distinguish between 3-loops in S2. To do so, we will define a
map which maps the entire path space of S? into part of the path space of U.
Specifically, we will map to the path space around the type S* x S2

code: 8% 5 U
code basey = S x §?

ap2, g surf = eqy * (two-loop)

In the last piece, we must provide an element of Q2(U, S* x §2). To do so, we
use the type equivalence eqy defined earlier, and supply an element two-loop :
[l;.51452t = t The definition of two-loop requires the induction principle for
both circles and spheres. The induction principles end up requiring various n-
loops in S* and S2. In these locations, we put loop or surf when possible, and
otherwise refl.

Using code, it is easy to define the invariant itself.

invariant : Q3(S%) — Q%(5?)
invariant | = eqs ' (ap2,4.!) (base;, bases)

The hard part will be to prove that the invariant of the hopf construction
actually gives something nontrivial.

5 Hopf Construction

In order to define the hopf construction, we will need to define horizontal com-
position. In a type A, given points and paths as in the diagram below,

NN %

We define



axf:aob=cod

By path induction on a and then 3. We also define a second kind of hori-
zontal composition « *’ 3, where now we induct first on 3 and second a.

Next, we define a function hopf, which takes a 2-loop and gives a 3-loop.
Given a 2-loop p around a point a, it constructs a three loop by composing five
paths through the following types

1 1 1

reflen, =p ' p=px'p ' =pxp ' =p p ' =refleq,

The hopf function will create these five paths with five different functions,
and compose the paths together

hopf : Q%(A) — Q3(A)
hopf p = ri(p) - same’(p,p~") - agree(p, p~") - same(p, p~") - li(p)

Next, we will define all five of these functions. We define both of ri and [i
(right inverse law and left inverse law) on all paths p

ri(p) : reflyen, = pl.p

h(p) ‘P p_l = 1"eﬂreﬁa
by path induction on p. Next, we need to define the functions same and
same’,; with types

It turns out that these two functions don’t even need path induction, as
horizontal and vertical composition turn out to be judgementally equal on loops.
Both same and same’ are just defined as refl.

Finally, we define agree

agree : H px'p l=pxp!
p02(A)

By path induction on p.



Now, finally, we can try to compute invariant(hopf(surf)), but simply plug-
ging in the definitions of hopf and invariant yields no obvious way to proceed
with the computation. We will need to make use of the correspondence between
paths in &/ and equivalences/homotopies from section 3. Therefore, we define a
function

hOpfh 1idy ~idy — idg ~ idg
= Ha =a— Hreﬁa = refl,
a:A a:A
hopfy,p = riy(p) - same’s (p, p~ ") - agreey, (p,p~ ") - samey (p, p~ ') - lin(p)

Which produces homotopies through the following types:

idi ~plp~pK pThepxp Tt oppT ~idy

In an analagous way to hopf. Now we must define the "h” (stands for
homotopy) version of each of the five functions, as well as define horizontal
composition on homotopies. Given

/\/\
\/&/

Where A, B, and C are types, the arrows are equivalences, and the squig-
gly arrows are homotopies between equivalences. We define the two kinds of
horizontal composition

axB,ax¥ B:aob~cod
ax f(a) = ap,, ala) - B(f2(a))
a*' B(a) = B(fi(a)) - apy,ala)

Now, we can define the five functions used in hopf,. First, we define ti; and
lip, in terms of the corresponding operations on paths.

rip,(p, a) = ri(P(a))
lip(p,a) =1

Note that the above functions are defined on any homotopy. By contrast, we
define samej, and same’;, only on loops. Just like the corresponding operations



on paths can simply be defined with refl, as horizontal and vertical composition
on loops turns out to be judgementally the same

samep, (a) = refl

same’p, (a) = refl

Finally, we define agree, on any two homotopies o and § which can be
horizontally composed, as in the diagram from before. It has the type

agree(a, B) :ax f~ax'
= [lapsa@)  B(f2(a) = B(f1(a) - apy,0(a)
a:A

How can we get something of such a type? No doubt we could do so with
path induction, but that would defeat the entire point of looking at paths as
homotopies. The entire advantage of doing so is that homotopies are functions.
We would like to make use of the expression

apdga(a)

Because using this will be necessary in order for the computation to work.
However, exactly how to do this will be a subject of further research.

So we know that hopfy, can create a nontrivial 3-loop in homotopy form, but
in order to conclude anything about S?, we need to prove that hopf and hopf;,
in some sense agree with each other. That is, we will prove the following

hopfy, = qul o hopfoeq,

But remember that hopf and hopf, are both made up of five corresponding
functions. We will prove that each of the corresponding functions matches up.
That is for f = ri, same’, agree, same, or li,

f=eqso froeqy’

This proof is just an application of path induction on all paths for Ii, ri,
and agree. For same and same’, the two sides of the equation are judgementally
equal.

6 Conclusion

We have shown how to define the hopf construction of a 3-loop given a 2-loop,
and given a way to calculate it. When surf is plugged in, the method above



shows that the result is nontrivial. Because of the functorality of functions,
we know that powers of the 3-loop are also nontrivial and all different, so we
know that a copy of Z is contained in the 3-loop space of S2. In the future, we
would like to extend this to a proof that 73(S?) = Z, and also define a similar
invariant on 4-loops in S3. In general, we believe that this method will allow
one to compute the loop space of any type, given that they are able to guess in
advance what it should look like, perhaps using intuition from classical algebraic
topology.
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MIXING TIMES OF RANDOM WALKS ON VARIOUS
COMBINATORIAL OBJECTS

JAMES MARSHALL REBER

ABSTRACT. A classic mixing time result, due to Bayer and Diaconis, is on how
many riffle shuffles are required to shuffle a deck of n cards - the required num-
ber is g logy(n). In this paper, we explore the mixing times of random walks
on various graphs using a combinatorial method called coupling. In particular,
we give upper bounds on the mixing times of certain kinds of random walks on
diagonal gluings of 2-regular graphs, repeated gluings of copies of the complete
graph of size three, certain families of 3-regular graphs, and conjecture some
possible generalizations.
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1. INTRODUCTION

When describing the mixing time of random walks, we are really discussing
what it means to be “sufficiently close to random” after a certain amount of time,
or rather how long would we need to run a Markov chain until it is within € > 0 of
its stationary distribution. The prototypical example of this comes from shuffling
a deck. When shuffling a deck, we would like to guarantee that we have a fair deck,
or one in which all possible ordering of cards are possible. The mixing times of
various shuffles, such as the random transposition shuffle, the riffle shuffle, and top-
to-random shuffle, have all been studied and have tight bounds on their mixing times
[1]. Mixing times can, however, be studied in contexts other than card shufflings;
for example, one can ask how long it takes a random walker on a graph to be
“sufficiently random” among all possible states on the graph.

Throughout this paper, we are concerned with finding the mixing times of ran-
dom walks on some special classes of graphs. In Section 1.1 and 1.2, we outline
some of the necessary theory and notation from Markov chains and graph theory.
In Section 2, we will explore the mixing times of random walks on 2-regular graphs
glued diagonally (see Figures 3 and 4 respectively). In Section 3, we will explore
the mixing times of random walks on a graph formed by gluing copies of triangles

Date: July 2018.
The author would like to thank Graham White, Indiana University and the NSF for the
opportunity to work on this project.
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(or the complete graph on three vertices) on each vertex of degree two repeated k
times (see Figure 10), as well as discuss a result on the mixing time of a random
walk on the complete graph glued repeatedly along a single vertex (see Figures 6
and 7). Finally, in Section 4, we will explore mixing times of a random walk on the
prism graph, Mobius ladder graph, and the generalized Petersen graph GP(n, k)
(see Figures 15, 16, and 19 respectively) as well as their triangulated versions (see
Figure 14), and finish by giving some possible directions for future research.

1.1. Markov Chain Theory. We first introduce some basic concepts on Markov
chains. We will be working with a discrete probability space throughout.

Definition 1.1. We call a sequence of random variables {X;}°, on a common
state space 2 a Markov chain if it satisfies the Markov property; that is, for a
probability measure P on 2, we have

P{Xn =Y | Xo==x0,...,Xp_1= ﬂﬁn—1} = P{Xn =Y | Xpo1= $n—1}-

Informally, this means that the probability of a future event happening depends
only on the information of the current event. Put into the context of a random
walker, if the {X;}32, are random variables denoting the location of the random
walker, then the Markov property states that the probability of where the walker
will go in the next step depends only on where the walker is now, and not how the
walker got there.

Remark 1.2. Sometimes the indices will be dropped when referring to Markov
chains, e.g. we will write {X;} instead of {X;}2,.

Definition 1.3. We define a transition matrix to be a matrix P such that
P($7y) = P{X’I’L =Y | anl = -rnfl}a
where X; € {XZ}'?iO

Proposition 1.4. We have that P!(z,y), t > 0, is the probability of going from
state x to state y in ¢ steps.

Proof. We give a sketch of the proof here, proceeding by induction. Notice that it
holds for ¢t = 1 by definition. We will show the case ¢t = 2 for clarity. In this case,
we have the probability of going from a state x to a state y in two steps is the same
as going from a state x to any intermediate state z € Q in one step, and then from
state z to state y. Since it could be any intermediate state, we take a union over
these probabilities; that is,

{(Xo=y|Xo=a}=J{Xi=2|Xo=a}n{Xa=y | X1 =2}
z€Q
Notice that {X; = z | Xo = 2} is independent of {X; = y | X1 = 2z} under our
probability measure. We apply our probability measure to both sides to get

P{Xp=y|Xo=a}=) P{Xi=2|Xo=a}P{Xp=y| X =z}
z€eQ

However, we can use our transition matrix notation; rewriting the right hand side,
we have
P{Xo =y | Xo=a} =) P(z,2)P(z,y) = P*(z,9)
z€Q
by matrix multiplication, as desired. Now, assume the statement holds for d > 0.
That is,
P{Xy=y | Xo =z} = Pz,y).
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We want to then show the statement holds for d + 1. However, this is analogous to
the arugment for ¢ = 2, and so we end up with

P{Xd+1 =y | X() =$} = ZP{XdJrl = y,Xd =z | XO IZ'}
zeQ

=Y Pl(a,2)P(2,y) = P4 (x,y).
zeQ

Remark 1.5. Since we have that P!(z,y) is the probability of going from z to y
in ¢ steps, this shows that the transition matrix encodes all of the information of
the Markov chain.

Remark 1.6. Throughout, we take €2 to be the state space for our Markov chain
and P to be its transition matrix unless stated otherwise.

Definition 1.7. We say that a Markov chain is irreducible if for all z,y € 2 we
have some 0 < r < oo such that P"(z,y) < oo.

In other words, it is irreducible if it is possible for the Markov chain to reach every
state from every state in a finite number of steps.

Definition 1.8. We define the period of a state x € €2 to be
T (z) = ged{t > 1| P'(z,z) > 0}.

In other words, the period is the greatest common divisor of the set of times where
x has a non-trivial probability of returning to z.

Definition 1.9. We say that a chain is aperiodic if 7 (z) =1 for all z € Q, and
we say the chain is periodic otherwise.

Definition 1.10. We say that a distribution, which will be a row vector, 7 on 2
is a stationary distribution if it satisfies

nP =m.

Definition 1.11. We say 7 is a limiting distribution if it is a distribution on 2
and

. + oA
tlglolop (z,y) =7 (y).

The reason we care about periodicity and irreducibility is due to the following
theorem.

Theorem 1.12. If a Markov chain is irreducible and aperiodic, then it has a unique
stationary distribution which is also its limiting distribution.

Proof. This follows from Corollary 1.17 and Theorem 4.9 in [3]. |

While the proof of the above theorem is involved, we give some intuition as to
why you need these conditions. If your Markov chain was not irreducible, then that
means there are two separate components. As a result, if there even is a stationary
distribution, it will not be unique in any sense as there will be a stationary dis-
tribution for each irreducible component. Aperiodicity is important as it ensures
that our stationary distribution is the limiting distribution. Imagine the Markov
chain on the cycle Z /47 which moves left with probability 1/2 and right with prob-
ability 1/2. We see that there is no limiting distribution, as its distribution relies
on whether or not its on an even or odd number. Thus, we really do need both
conditions for this to hold.

Throughout, we will assume all of our Markov chains will be aperiodic and
irreducible so that they will have unique stationary distributions that also are their
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limiting distributions. The stationary distribution will really be how we measure
“sufficiently random.” Taking our Markov chain to be aperiodic and irreducible, we
have that in the long run it will be close to this stationary distribution. Referring
back to the shuffling example, our stationary distribution is the uniform distribution
on all possible configurations of the deck, and so being close to the stationary
distribution means being close to having a fair deck.

We now need to formalize the notion of distance between two distributions. We
define the total variation distance between probability distributions p and v on
Q to be

— = A) —v(A)].
I = vllrv = max|u(A) — v(4)]
Remark 1.13. We can equivalently define total variation distance to be

1
=iy =5 > @) —v@)| = Y (u) - v(z)).
zeQ zeQ
n(z)>v(z)
The proof of the equivalence follows from Proposition 4.2 in [3]. A good visualiza-
tion of total variation distance can be seen in Figure 4.1 in [3].

Remark 1.14. It can be shown that total variation distance is a metric, and so
really does satisfy the intuition of distance. With the above equivalence, we also
see that it is closely related to the L' norm.

In particular, we would like to study the position of a random walker in com-
parison to its stationary distribution. As a result, we define

a(t) := max | Pz, ) = 7y

to be the distance between P!(z,-), the random walker which is starting at x whose
position is - at time ¢, and w. Referring back to the example of shuffling decks,
this tells us how close our deck, starting at configuration z, is to stationarity after
t shuffles. We would like to know roughly when P? is close to ; that is, when
their total variation distance is within e > 0. This notion makes sense as d(t) is
decreasing as t increases.

Definition 1.15. We define the mixing time to be
tmix(€) == min{t | d(t) < €}

Understanding the mixing time of random walks is central to our project, and
as a result we would like to be able to get bounds on the mixing time. One method
for bounding the mixing time is coupling, which we use throughout.

Definition 1.16. We define a coupling of two probability distributions p and v
to be a pair of random variables (X, Y") defined on a single probability space € such
that

STP{X =Y =y} = P{X =2} = u(x)

ye
and

Y P{X =2, =y} =P{Y =y} =v(y).

€N

That is, a coupling of probability distributions instills a set of rules which determine
how the two probability distributions behave relative to one another. However, if
we viewed just one probability distribution without the other, we would see that it
still satisfies being a probability distribution.
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Definition 1.17. We define a coupling of Markov chains with transition matrix
P to be a process (X¢, Y:)52, with the property that both {X;}2°, and {Y;}:°, are
Markov chains with transition matrix P.

For example, think of the random walker starting at location x, and the same
random walker except starting at location y. Then they share a transition matrix,
P, are both Markov chains, and we can define a set of rules that each walker must
adhere to relative to the other.

Definition 1.18. Given a Markov chain on € with transition matrix P, we define a
Markovian coupling of two P-chains to be a Markov chain {(X;,Y:)}$2, with
state sapce  x Q which satisfies, for all z,y, 2, v’

P{Xi1 =2 | Xy =2,Ys,y} = P(x,2)

P{Yipi=v¢ | Xi=a,Yi =y} = P(y,y).
In general, we also require that if X; = Y; for some ¢ > 0, then we have X, =Y

for all s > t. That is, once they have coalesced, they stay coalesced.

Markovian couplings are nice in the sense that they are easy to describe. However,
Markovian couplings will not always give you the best upper bound. All couplings
in this paper will be Markovian.

We now need to connect having information on two random walkers, P(z,-)
and P!(y,-), to information on the random walker compared to the stationary
distribution.

Proposition 1.19. If we define
d(t) := max ||P'(z,-) — P'(y,)llrv,
z,yeN

then we have
d(t) < d(t).

Proof. A proof is given in [3]. We will give a sketch here. Since 7 is a stationary
distribution, we have
P =

gives us

> Pla,y)m(z) = n(y)

zeQ
by matrix multiplication. Furthermore, we have

> P(a, A)n(z) = m(A)

€N
for any subset A C 2. Now, notice that

|P! (2, A) = w(A)| = |P!(x, A) = Y Py, A(y)| -

yeQ
Since 7 is a probability distribution, we have
> owly) =1,
yeN

and so we get

Pi(z, A) =Y Py, A)x(y)| = |>_ 7(y)(P'(x, A) — P'(y, A))|-

yeQ yeQ
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By the triangle inequality, this is less than or equal to
Z 7T(y)|Pt(I7 A) - Pt(y7 A)|
yeEQ
This is a weighted average, and so in particular we have
> m(y)|P!(x, 4) = P'(y, A)] < max|P'(x, 4) - P'(y, 4)].
ret yeN
This gives us B
d(t) <d(t).
|

We see that studying d(t) gives us information on d(t), which we can then use to
derive the mixing time. We can then use the following theorem to get information
on bounding d(t), and thus on bounding d(t).

Theorem 1.20. For any two Markov chains {X;} and {Y;} over a common state
space Q with Xo = z, Yy = y, let Tcouple be the time of the chains coalesce. That
is,
Teouple := min{t | X, =Y for all s > t}.
Then
E(r | Xo=2,Y =y)

d(t) <d(t) < max P{Teoupie >t | Xo =x,Yo =y} < max N :

Proof. This a consequence of Corollary 5.5 in [3] and Proposition 1.19, with the
last inequality coming from Markov’s inequality. |

We will often want to transform our complicated Markov chain to a much simpler
one. We formalize this in the definition below.

Definition 1.21. Let {X;} be a Markov chain. Then the quotient Markov
chain {X]} is the corresponding Markov chain quotiented out by some equivalence
relation between states. That is, there’s a bijective function between {X,;} and
{X}} which preserves transition probabilities.

An example of this can be seen in the proof of Proposition 3.6. More examples
of Markov chains and couplings can be found in the Appendix (Section 5).

1.2. Graph Theory. We now introduce some concepts from graph theory.

Definition 1.22. We define a graph G = (V,E) to consist of a set of vertices V
and a set of edges ECV x V.

In other words, the vertices represent some collection of objects and the edges
represent some relation between those objects. We can visually represent graphs
by having the vertices be dots and the edges be lines between the dots.

Remark 1.23. We will be working with undirected graphs, or graphs where if
(z,y) € E then (y,z) € E as well. A directed graph is a graph such that (z,y) €
E does not imply (y,z) € E. We will also, for the most part, be working with
simple graphs, or graphs that do not have any kind of self-loops. Notationally,
we have (z,z) ¢ E for all z € V.

In general, undirected graphs are drawn with just lines as edges (see Figure 1), and
directed graphs are drawn with arrows for edges (see Figure 2).

Remark 1.24. Notice that a Markov chain is a weighted digraph, or a directed
graph whose edges have some sort of value, and so we graphically represent Markov
chains using directed graphs.
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FIGURE 1. The undirected graph with V = {0,1,2}, F =
{(071)7(170)’(1’2)?(2’1)7(072)1(270)}

FIGURE 2. The directed graph with V' ={0,1,2}, E = {(0,1),(1,0),(0,2)}.

Definition 1.25. If (z,y) € E, we say that « and y are neighbors.
Definition 1.26. Let
N(z):={yeQ : (z,y) € B}
be the set of neighbors for some vertex x. Then we say that the degree of x is
deg(z) := [N (z)|,
or the number of neighbors it has.

Definition 1.27. Say we have a graph G. We define a simple random walk on
G to be the Markov chain with state space 2 =V and transition matrix

1 .
Pla,y) = T2 @ if (x,y) e B
’ 0 otherwise.

In other words, a random walker will uniformly select a neighbor of the vertex
it is at and move accordingly. We note that the simple random walk on G is not
always irreducible or aperiodic. If our graph is connected, that is, there exists
some path of edges such that x can get to y for all x,y € V, then the simple
random walk will be irreducible. To solve the issue of periodicity, we will make our
simple random walk lazy. To do so, we simply add a 1/2 chance to stay in place.

Definition 1.28. We have a lazy random walk if our transition matrix is then

Lijfe=y

2
ﬁg(z) lf (.’L'7 y) S E
0 otherwise.

P(z,y) =

Definition 1.29. We say that a graph is s-regular if deg(z) = s for all x € V.

Definition 1.30. We define the complete graph on n-vertices to be the graph
where every vertex is connected to every other vertex, and denote it by K.

Definition 1.31. If we have graphs G; = (V1, E1) and Gy = (Va, E3), then gluing
G1 to Gy along vertices x € V; and 2’ € V5 involves identifying x and 2’ together,
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F1cURrE 3. Diagonal gluing with n =4, k = 3.

and then attaching all of the edges which are connected to z and z’ to this new
vertex.

Definition 1.32. We define triangulating a graph to be replacing each vertex
with a copy of C(3) and appropriately attaching edges to corresponding vertices.
More can be seen in Section 4, as well as in Figure 14.

Definition 1.33. We define the graph metric p to be the function which takes
two vertices v1,v2 € V and measures the distance between them; in other words,
the minimum number of edges one must take to get from one vertex to another.

2. DIAGONAL GLUINGS OF 2-REGULAR GRAPHS

We first define a gluing process on 2-regular graphs. Start with a 2-regular graph
of size n, and identify two vertices v1, vy such that p(v1,v2) = 2 to be the corners.
At step k = 2, glue a copy of the 2-regular graph along one of the corners, and
then identify a vertex vs to be the vertex on the new graph such that p(ve,v3) = 2.
Iterate this process for each remaining k; that is, identify a vertex to be the corner
and glue along that. An example is given in Figure 3. We will use the standard
lazy random walk on this graph. In other words, we define the Markov chain on
this graph as follows:

1 ify € N(z) and deg(z) = 2,

L ify € N(z) and deg(x) = 4,
P(,y)=4% . o

3 ify=ua,

0 otherwise.

Considering even n leads us to the following proposition.

Proposition 2.1. Fix n even and any k for the proposed structure. Let {X;} and
{Y:} be two Markov chains with transition matrix P such that they are both lazy
random walks on the graph. We have a coupling such that if 7 is the time until
they coalesce, then

ax E Xo=z2,Yy=9y) <
max, (1| Xo=2,Yy=y9) < 5

In particular, we see
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Proof. We do a sort of depth-first search approach to our coupling. Let 0 be the top
left most node (i.e. the vertex on the original graph which as at maximal distance
from the glued vertex) and define h : Q@ — {0,...,(kn)/2} to be the function

h(v) = p(v,0).

In other words, h measures the relative ’height’ of a random walker. Let X; and
Y; be our random walkers on this graph. We see that the maximum distance will
be (kn)/2, since the maximal distance on the 2-regular graph of size n is n/2 and
we are simply increasing this distance & times. We can divide up our vertices into
classes based on their height, and since the vertices in these corresponding height
classes will have the same transition probabilities between other height classes, we
can push this to a quotient Markov chain. Thus, we can now think of this as a
random walk on the chain {0, ..., (kn)/2} with the transition probabilities

: k
if y € N(z) and « # 0 nor ¢,

if y € N(z) and z =0 or &2,
P(a,y) = ) ?

[N SN

if x =y,
0 otherwise.

Our coupling is now the following: since we can just use the Markov chain given
above to model where our walkers are, we couple so that they both move the same
direction. If they were to try to move in a direction that doesn’t exist at the end
points, we just have the walker wait in place. This will preserves the property that
h(Xs) < h(Ys), assuming without loss of generality that X is closer to 0. To see
how long it takes for the walkers to coalesce, we just need to measure the maximum
expected amount of time it takes for a walker to reach 0. This follows since this is
the same as measuring how long it takes Y, to reach 0, and since h(X,) < h(Y;)
we get h(X;) = h(Y;) = 0. Let 7" be the amount of time it takes a walker {X;} to
reach 0. We set up a series of functions f; = E(7’' | Xo = j) such that fy =0,

fi= 3O fo) + 54 1)+ 34 )

for 0 < j < (kn)/2, and
1 1
ftkny2 = 5(1 + fikn)2) + 5(1 + fikny/2—-1)-
Claim 2.2. For 0 < j < (kn)/2,

. J
L —9 .
f] J + i1 f]+1
Proof. We proceed by induction. By substitution, we have
1
h=2+5p

and so the base case holds. Now assume Claim 2.2 holds for some 1 < k < n/2—2.
We want to then show the induction hypothesis holds for k£ 4+ 1. By the above
relations, we get
1 1 1
Jet1 = 1(1 + fi) + 5(1 + frt1) + 1(1 + fr+2)-

Rearranging this, we have

Bk+2) fup1+2(k+1)(k+(1/2) foyz +2)

4k+4

o1 =

Solving this for fr11 gives
k+1

=2(k+1
fre1 = 2( +)+k:+2

Srye
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FI1GURE 4. Diagonal gluing with n =5, k = 3.

as desired. |

Claim 2.3. With this construction, we have f; < f;y1 for all 0 < i < (kn)/2, and
80 f(kn)/2 18 the maximum over the set of f;.

Proof. 1t is a result of Claim 2.2 and the construction. |
With these claims, we get
kn —2
fknyj2—1 =kn -2+ Wf(kn)/z
Substituting this into
1 1
ftemyy2 = 5 (L+ fkmys2) + 5 (L fikmy /21
and solving gives

kn)?
fkny2 = ( 2) ;

which gives us that

kn)?
max B(r | Xo=2,Yo=y) < ( 2) :

For odd n, the process is not as easy. The even case really allowed us to exploit
the fact that both paths leading out of the glued or corner vertex to the next glued
or corner vertex were equidistant. With odd n, we have that one of the paths
is longer than the other one. In order to remediate this, we take a much more
constructed approach. We will focus on the case of n = 5, although this procedure
can be modified for all odd n. For a visual example of the gluing procedure, see
Figure 4.

Instead of using the same transition probabilities as before, we use a modified
lazy random walk on the Markov chain.

Definition 2.4. The modified lazy random walk is the lazy random walk with
transition probabilities modified so that the stationary distribution is uniform.
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For the diagonally glued graph, the modified lazy random walk will have transi-
tion probabilities

i ifye N(a),
P(z,y) = %(47 |N(:1:)|) + % ify ==,
0 otherwise.

Proposition 2.5. We now consider n = 5. We have a coupling so that if 7 is the
amount of time it takes two walkers to coalesce, then
528 25

ax B(r | Xo=2,Yo=y) < 24k%> — ——k 4+ —.
ax B(7 | Xo=2,Y0 =y) < 95" T

Furthermore,
24k* 528 25

——k+—.
€ 25¢ 4e
Proof. We first define the coupling procedure. Take two random walkers, denoted
by {X:} and {Y;}, and let them move randomly until they are coupled at the same
relative position on the pentagon. To be precise on same relative position, we
will need to outline a labeling procedure. For k£ > 2, label each corner vertex by
multiples of 4 increasing. Arbitrarily choose some vertex distance 2 away from the
first corner vertex (the corner vertex we labeled as 4) to be 0. Label the vertex
adjacent to both 0 and 4 as 1. Along the other path to 4, label the vertex closest
to 0 as 1 and the vertex closest to 4 which has not been labeled as 3. Follow the
same procedure for the remaining pentagons; that is, for vertices between 4¢ and
4(t + 1), label the vertex distance one from both 4t and 4(¢ + 1) as 4t + 1, label
the vertex closest to 4t thats not labeled as 4t + 2, and the remaining vertex on the
pentagon as 4t + 3. Then two random walkers are on the same relative position if
the labels of the vertices they are on are in the same class modulo 4.

We will define h as in Proposition 2.1. That is,

h(v) = p(v,0).

We assume again that h(X;) < h(Y;) without loss of generality. Notice, however,
we cannot do the same quotient Markov chain argument as before. This is because
vertices which are within the same height class will not necessarily have the same
transition probabilities to other vertices in other height classes. As a result, we have
to preform a different sort of procedure. Instead, we will have that the walkers will
then move in the same directions until we have h(X;) = 0 or until A(Y;) = 4k.

From there, we shift our coupling to a different kind of coupling. This coupling
will have a few different cases: if the walkers are in the same position, they coalesce
and from then on they move the same direction; if the walkers are in the same
position relative to the pentagon (i.e., they are in the same class determined by
their distances away from both glued points), then they move together relative to
their respective pentagons; if they are in different classes, we have that they move
according to the table in Figure 5 (for simplicity, if there are not enough rows
for the corresponding paths then this means just repeat staying at the respective
vertex). For vertices beyond 7, using the labeling procedure outlined in the first
paragraph, take your vertices labels modulo 4 and proceed according to the table
(if your vertex is congruent to 0 modulo 4 and is a glued vertex, then treat it like
4).

The reason for defining the coupling procedure this way is to preserve the prop-
erty that h(Xs) < h(Y;). This allows us to focus on one walker, which is simpler
than trying to focus on both. This leads us to the following proposition.

tmix(e) S
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[0 (02) (03) (04) (12 (13) (14 (23) (24) (4]
(1,1) (0,00 (1,4) (0,1) (0,00 (0,2) (0,1) (3,3) (0,1) (2,1)
00 (22 (22 (03) (43) (13 (44 (22) (33 (‘49
24) (1,3) (0,3) (04) (1,2) (44 (1,3) (04) (24) (3,3)
01) (02 - (@15 - - (15 (23) (25) (35)
- - - (26) - - (16 - (26) (36)

| 45) (46) (47 ]
(L4 (G7) (653)
(6,8) (6,6) (6,6)
(55) (1,6) (3,7
(45 34 (1,7
- - (477)

FIGURE 5. Locations and destinations of (X;,Y;) on the pentagon.

Claim 2.6. For the coupling described above, once Xy = 0 and Y; = 4j for
0<j<k—1,weget h(Xs) < h(Ys) for all s > ¢. In particular, we get X, =Y
once h(Y;) = 0.

Proof. We show a similar statement; that is, if h(Xy) < h(Y%) for all & < ¢, then
h(Xt+1) < h(Yiy1) for all possible choices of X¢41, Yi+1. We proceed by induction.
The base case of X; =0 and Y; = 4j for 0 < j < K is true. Assume that s is the
first instance where this does not hold; that is, h(X;) < h(Y;) for all ¢ < s, but
h(Xst1) may be larger than h(Ys41). While one would normally need to consider
many different cases, using Figure 5 and the coupling procedure outline above, we
see that the only position where h(X;) < h(Y;) but h(Xs41) may be larger on the
first pentagon is at (4,3) (read X5 = 4, Y; = 3). The strategy will be to work
backwards and show that it is actually impossible to reach this position from the
starting configuration.

Working backwards, we see that X,y =1lor3and Y;_1 =2o0r4. If X, ; =1,
then we have (1,2) or (1,4) as options. If the walkers are at (1,2), we see that
they either coalesce or they go to (4,3), and so this is a possibility. We see that
at (1,4) they cannot reach (4,3), and so this is fine. We see that (3,2) results in a
contradiction, and so we ignore this case. This leaves (3,4) as an option, but as we
can see from the table this does not result in (4, 3) and so we exclude it.

In order for X, 1 =1, we need X,_5 =0 or X;_5 = 4, and likewise for Y, 1 =
2 we need Y;_o = 0 or Y;_o = 3. At (0,0), the walkers are coalesced and so
it’s impossible to reach (1,3). At (0,3), we see that according to the table it is
impossible for us to move to (1,2), and so we omit it. The case (4,2) again results
in a contradiction. (4,3) also results in a contradiction, since this implies that they
were at this place before s. Thus, we see that at the start pentagon it is impossible
to reach the case (4, 3).

We now consider a pentagon between two glued points. We see that we run into
the same issue. Using Figure 4, we have that X;_; = 8 and Y;_; = 7 leads to a
possibility of h(Xs) > h(Ys). However, for this to happen, we would need X;_o =7
or X; o =5. If Xg_5 =7, this means that Y;_5 = 6 or Y;_5 = 8 in order to have
it at 7 at time s — 1. The case of Y;_o = 6 immediately gives us a contradiction,
since this implies h(Ys—2) < h(Xs-2). If Ys_2 = 8 and X;_o = 7, then we see that
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the walkers are at (7, 8), which we treat as (3,4). In such a case, it is impossible to
get (8,7) on the next step.

In the other direction, if X,_5 = 5, then we have either Y;_5 = 6 or Y;_o = 8.
Thus, we are at either (5,6) or (5,8). If we're at (5,6), we treat it as (1,2), and so
we see that it is possible to reach (8,7) according to the table. If the walkers are at
(5,8), we see that it is impossible; treating this as (1,4), we have that they must
coalesce or we're at (5,7) at s — 1, which prevents this case.

We then see that in order to get X;_o = 5 and Y;_5 = 6, we must have either
Xs—g=4or Xs_3=8and Y;_3 =7or Y,_3 =4. We notice that by the table, it is
impossible to reach (5,6) from (4,7), and so we are fine. If X;_3 = Y,_3 =4, then
it is also impossible, and so we’re fine in such a case. If X;_3 =8 and Y,_3 = 4, we
run into a contradiction and so we stop. Thus, we have to consider the case (8, 7).
But this is itself a contradiction, since we assume that it was impossible to have
reached this state prior.

Since we have that it holds for the first pentagon, and for all the glued pentagons,
the only other case to consider is at the opposite end. However, for the opposite
end, we notice that by flipping the coupling we get that Y will always be closer to
the opposite end, giving us the same result. Thus, it holds for both end pentagons
and all other glued pentagons, and so we see that we get h(X ) < h(Y;) for all
t > s. As aresult, once we get h(Y;) = 0 = h(X;), we get that they have coalesced.

|

With 7 being the amount of time it takes until they coalesce, we set 7 = 11 + 72,
where 7 is the amount of time it takes for them to couple in their respective
pentagons and 7, is the amount of time it takes for h(Y;) = 0. Using Gambler’s ruin
(Proposition 5.1) to bound 71 above, we have that this is bounded by a constant,

E(ri | Xo=2,Y = y) < 2>
max = = —.
x’y%Q T1 0=, X0 y_4
The bound for 75 is a little more difficult. Using the same labeling strategy as
outlined in Figure 4 and the prior proof, we find equations for E(72 | Yy = j) where
j=1 (mod 4) and j =3 (mod 4). Let f; = E(ra | Yo =i}

Claim 2.7. Let g; for 0 < i < k + 1 be the equations for E(me | Yy = j}, j =1
(mod 4), where 4 here represents which pentagon we’re looking at, with the origin
corresponding to ¢ = 1 and the final corresponding to i = k. Then we have

6B +48(i-2) , 21
9= 5 2%

fai
for 1 <i < k and
1
g1 =4+ §f4-
Likewise, let h; for 0 < ¢ < k 4 1 be the formula for E(m | Yy = j}, j = 3

(mod 4), where 4 here represents which pentagon we’re looking at, with the origin
corresponding to ¢ = 1 and the final corresponding to i = k. Then we have

T2+ (32)(i — 2) N 3i—1
o 5 3i

h; fai
for 1 <i< k and
2
h1 =8+ §f4

Proof. We see that this holds for ¢ = 1, 2 respectively by just plugging these equa-
tions in. We preform again an inductive argument. Assuming Claim 2.7 holds for
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FIGURE 6. Gluing of two complete graphs along a single vertex,
with n = 4.

i again, we show that the inductive hypothesis holds for i 4+ 1. Notice that by the
recursive assignment we get

1 1 1 1 1
fai = g(l +gi) + g(l +h;) + g(l + faiv2) + g(l + gi+1) + 5(1 + fai)s

3
(1 + fagivr)) + 1(1 + git1),

1 1
i1 = (1 i)t 5
Git1 8( Jrf4)+8

1 1 3
frive = g1+ fai) + g1+ i) + 7 (1 faiva),
1 1 3
hiv1 = g(l + fait2) + g(l + fai+n) + 1(1 + hit1).
Solving these equations then gives us the desired result, showing that Claim 2.7
indeed holds. ]

Using this, we can solve for when our walker is in the opposite corner, which will

give us the maximum expected value. Doing so gives us
528
E(ry | Xo=2,Yy=y) < 24k* — k.
le,%)s() (2 | Xo=2,Yo=y) < 25

Summing results together gives us

528 25

= = = = = < 2_== —.
EI%E(HXO Yy =y) £%§ZE(71+TQ|X0 x,Yy =y) < 24k 55 k]
|

Remark 2.8. The method we used to find the mixing time of the diagonally glued
pentagons is not necessarily unique to the pentagon. However, it is not clear how
to sufficiently generalize these results so we can find a mixing time for all n > 5
without manually going through and preforming the calculation. Further work
could explore this, as well as just exploring the case where we use the standard lazy
random walk. One might also want to see if there is a completely general coupling
on both n even and n odd, giving us a good way to asymptotically measure the
mixing time.

3. GLUINGS OF COMPLETE GRAPHS

Suppose we took two complete graphs of size n and glued them along a single
vertex. An example of this can be seen in Figure 6. The mixing time of this graph
is explored using strong stationary times in [3] in Example 6.5.1. We do a similar
analysis here using coupling.

Proposition 3.1. The mixing time of the lazy random walk on the graph obtained

from gluing two complete graphs along a single vertex is bounded above by
4dn
tmix(g) S -
€
Furthermore, we see that this is actually the same if we glue k > 2 complete graphs

along the same vertex.
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FiGURE 7. Gluing complete graphs along a single vertex, with
n=4,k=3.

Proof. First, couple our walkers in their respective complete graphs as we did with
the pentagon example. That is, we want them to be in the same position on their
respective graphs. Flip a fair coin and move the walkers {X,,} and {Y,,} according
to the coin flip. Then the probability distribution of the walkers being on the same
spot is geometric, with probability 1/(2n) of success. Let 71 be the amount of time
it takes for the walkers to coalesce in this setting. Then since it’s geometric, we
have
max E(r | Xo =2,Yy =vy) < 2n.
z,yeN
Now, we shift our coupling so that the walkers always move to the same location
on their respective graphs. We have that they coalesce when they both hit the
center node; that is, the node which all the complete graphs are glued along. The
distribution is again geometric, and again we have probability 1/(2n) of success.
Let 75 be the amount of time it takes for the walkers to coalesce here. We get now
max E(rp | Xo =2,Yy = y) < 2n.
z,yeN
Now, let 7 = 71 + 7 be the amount of time it takes for the walkers to coalesce
entirely. Using the above results, we get
max E(7 | Xo=2,Yy=y) = max E(11 + 72 | Xo =2,y = y) < 4n,
z,yeN z,y€N
giving us
tmix(e) S 4£
€
Notice that this same argument works for when we have & > 2 complete graphs
glued along the same vertex (see Figure 7). We have then that the total mixing
time is
tmix(€) < dn
mix = .
|

We diverge slightly to discuss a coupling on a specific version of a tree. Consider
the tree with depth k and three possible paths leading out of its root node v,, and
each of the non-vertex non-boundary vertices have degree 2. An example of this
can be seen in Figure 8. We would like to understand the mixing time on this.

Proposition 3.2. For the above scenario, we have
3k(k+1)

tmix S - -
€
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O

FIGURE 8. Tree with three paths of length k& = 2.

Proof. First, we couple based on height. Here, height will be defined in the standard
way; that is, h(v) = p(v,v.). We'll set our transition probabilities to be

% if v =y = v,

2 ifx=y+#v, and h(z) # k,
P(z,y) = % if x =y, h(z) =k,

é if y € N(z),

0 otherwise.

We'll then only focus on the heights of our walkers. Again, we can push to a
quotient Markov chain, using the fact that representatives in each height class have
the same probability of moving to a representative in a different heigh class. We
can then focus on the chain {0,1,...,k} with transition probabilities nearly the
same as above, except the probability of moving down from 0 is 1/2. We set the
coupling so that the walkers will move in the same direction with respect to height,
that is they either move up, down, or stay together, with the caveat that at the
root node the walker may sometimes move down while the other walker stays in
place. We notice that once the walkers coalesce, they stay coalesced.

Claim 3.3. If h(Xy) < h(Y)), then we have h(X;) < h(Y;) for all £ > 0.

Proof. Notice that based on the coupling, if h(Y;) = h(Y;—1)+1 or h(Y;) = h(Y;—1),
then h(X;) = h(Xi—1) = £1 or h(X;) = h(X;—1) as well, with the exception at
h(Xi—1) = 0. Here, we sometimes get h(X;) = h(X;_1)+1 while h(Y;) = h(Y;—1)£1
or h(Y;) = h(Y;—1). We will couple so that if h(Y;) increases by 1 then h(X;) will
stay at 0, if h(Y:) stays the same then h(X;) will decrease by 1, and otherwise
h(X:) will stay at 0. In such a case, we have coupled the walkers so that they
either coalesce or h(Y:) > h(X;). Therefore, we get Claim 3.3 holds, since once they
coalesce they stay coalesced and otherwise we follow the same procedure again. W

As a result of the prior claim, it’s sufficient to find out when A(Y;) = 0 to
determine when they coalesce. We then repeat the recursive argument. Let f; =
E(T | X() = Z} Then fo = 0,

1

fi= e fio)+ g0t fe) 4 204 )

for 0 < j <k, and
1 5
fe= 8(1+f’°_1)+6(1+fk)'

Claim 3.4. We have )
. J
fi=3j+ jﬁfj+1'
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FIGURE 9. Binary tree of depth k& = 2.

Proof. Again, we see that the base case holds. Assume it holds for 0 < j < k — 1.
Then we have

fit1= %(1 +fi)+ %(1 + fi+2) + ;(1 + fj+1)-

Substituting in appropriate values and solving this gives us

‘ jt1
fis1=20+1)+ mfj-&-z

as desired. |
Claim 3.5. We have f; < f;41 for all 0 <i < k.
Proof. 1t is a result of Claim 3.4 and the construction. |

We see that after substituting in the appropriate values from the above claim,
we have f;, = 3k(k + 1). Combining our claims grants us

maﬁE(T | Xo=2,Yy =y) <3k(k+1),
x,ye

resulting in
3k(k+1)

€

tmix(e) <
|

We now explore the binary tree with depth k. The binary tree is generated by
attaching two vertices to every vertex of degree one; an example can be seen in
Figure 9. We then explore the mixing time of this.

Proposition 3.6. For the lazy random walk on the binary tree of depth n, we
have

max E(7 | Xo=12,Yy =y) <6-2".

z,yeN
Proof. The result can be found in Example 5.3.4 in [3]. We give the outline of
the proof here. Let h again be the distance of a node from the root node; that
is, h(v) = p(v,v,). Again, we can push to the quotient Markov chain using the
height equivalence class, since transition probabilities between representatives are
coherent. Thus, we can instead just consider the Markov chain on this sequence of
numbers instead of the actual chain, with transition probabilities derived from the
lazy random walk. Then we couple based on the distance from the root; that is, if
one walker goes down, then the other walker goes down, and likewise for moving
up. Doing so gives us the upper bound of

max E(7 | Xo=12,Yy =y) <6-2".

z,yeN

This matches our intuition, since this should be much larger than the result we
found in Proposition 3.2. |
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FicUure 10. Expansion gluing n =3, k = 2.

However, the coupling and argument didn’t actually use the fact that there were
only two paths leading out of the root node. Suppose we glued another copy of the
binary tree of length £ — 1 to the root node of the binary tree of length k. Then
similar to Proposition 3.1, we see that the mixing time is still the same.

We now introduce an iterated process for gluing copies of K3 for Proposition 3.7.
Throughout, we define an open vertex to be vertices whose degree is 2. At k =1,
we simply have the complete graph itself. At k = 2, we glue a copy of the graph on
each vertex. At k = 3, we glue more copies along each open vertex. One can also
think of gluing these copies along the boundary of our new graph. An example of
this gluing procedure can be found in Figure 10.

One can then ask how we should expect the bound of the mixing time of the
modified lazy random walk to behave as we increase k. We use the transition matrix
introduced in Section 2; that is, we have

i ify e N(z),
Pz,y)=q 5@ -IN@)]) +5 ify=u=,
0 otherwise.

Recall again that we do this so that the stationary distribution is uniform.

Proposition 3.7. For the above scenario, we have that for k > 1
104 1 1
104, 16, 100

fmix(€) < 3€ € 3€

Proof. Let our random walkers start anywhere on the graph. We couple first based
on the distance away from the first triangle. We change our height function to be

h(v) = min {p(@v)}

where 0, 1,2 will be the vertices on the origin, or center, triangle, as seen in Figure
10. We have then transformed our random walk on the large graph to a random
walk on {0,1,...,k} such that when h(X;) = h(Y}), we have h(X;) = h(Y;) for all
s > t. Imagine this set up on a line, with the leftmost position being the origin
triangle and the rightmost triangle being the boundary. Then the probability of
going left, or going towards the origin triangle, is 1/8, the probability of going right,
or away from the origin triangle, is 1/4, and the probability of staying in place is
5/8. We also have that trying to move left or right at the endpoints results in
staying in place respectively. We will also couple our walks so that whenever X;
goes left, right, or stays in place, then Y; also goes left, right, or stays in place
respectively. It is sufficient then to find the expected amount of time it takes the
walker with the highest height to hit 0. Without loss of generality, take this walker
to be {Y:}.
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FIGURE 11. Locations and destinations of (X; = 0,Y; = 1), with
top row being the initial states and remaining being the coupled
moves.

Let 7 be the amount of time it takes for a walker to hit 0. We set f; = E(7 | Xo =
J). We have fo =0,

fv= %(1 + fr) + é(l + fr-1),

and

fi= 20+ f)+ g0+ Sy + 50+ o)

for0<j<k.
Claim 3.8. We have
B 8(29+L —j—2) 29l 2
fj = 25+1 _ 1 9j+1 _ 1fj+1‘

Proof. Solving for f; grants us
8 2
h= 3 + §f27
as desired. Assume Claim 3.8 holds for j, 0 < j < k — 1. Then we must show the
inductive hypothesis holds for j + 1. We have
8(20+1 —j—2) 2+l _2
fi= =% YESUNE AR

and

S = 20 fi)+ 10+ f42) + 50+ ).

Substituting in appropriate values gives
(V2 —(j+1)—2) 2/t2_2

Jiv1 = 272 _ 1 gira —live
|
Claim 3.9. We have f; < fi41 forall 0 <i < k.
Proof. This is a result of Claim 3.8 and the construction itself. ]

The prior claims give us
fr =2 — 16 — 8k.

So the expected amount of time for the walkers to coalesce is bounded above by f.

Now, we create another coupling. The walkers move the same direction on their
respective triangles until they reach the origin triangle; that is, once p(X,Y;) < 1.
We then have that if they try to move to one of the other two vertices on the origin
triangle or stay in place, then they coalesce. If they otherwise move backwards,
then they move backwards identically. An example of this can be found in Figure
11, with reference to Figure 10. This then gives us a random walk on the graph of
their distance p(X¢,Y:) = {0,1,3,5,...,2k+ 1}, with absorption at 0, a 3/4 chance
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of going to 0 from 1, a 1/4 chance of going from 1 to 3, and the rest of the chain
remains identical to the quotient chain mentioned prior. To make things easier,
we’ll rewrite this instead as {0,1,2,3,...,k,k+ 1} (the k here is important, and as
a result we cannot use a different variable here in its stead). We then want to find
the expected amount of time until they coalesce at 0. Again, we set up a series of
equations with f; = E(7 | Xo = j), and we see fo =0,

3

fl = Z"'i(l"‘fﬂ’

fr1 = %(1 + fe1) + é(l + fx),

and

fi= 2 )+ (4 f) + 204 )

forl<j<m+1.
Claim 3.10. We have

56-2771 — 245 — 28 7(2771) -6
fi= =33 +(7(29‘*1)—3 Jina

for 0 < j < k.
Proof. We proceed by induction again. We see that substituting in j = 1 gives us
1
h=1+ Zf 2,
as required. We now assume Claim 3.10 holds for j, and show it holds for j + 1.

We have
562971 — 245 — 28 7(27-1 -6
=== -s ° (7(2]‘*1) —3 ) fim

and

Jiv1 = g(l + fi1) + i(l + fite2) + é(l + i)

Substituting in the appropriate values and solving for f;41, we have
_56-27 —24(j+1) — 28 7(27) — 6
Ty = 7-21-3 @) —3) e
as desired. |

Claim 3.11. We again get f; < fj41 for 0<j <k +1.

Proof. Again, a result from the prior claim and the construction. |
We find that m -
= "okl gk =2,
Jerr =3 3

So the expected time for the two random walkers to coalesce once they’ve coupled
using the prior couple is bounded by fr+1. Hence, if 7 is the amount of time for
them to couple, we’ve found that
104 100
E(t | Xo=2,Yy=9y) < —2" — 16k — —
max B(r | Xo=zYo=y) < 5 3
where k is the number of times we’ve iterated the gluing procedure. We get then
104 16 100
tmix < 72]677]{77
(e) = 3e € 3e
as desired. |
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(0,0,1) —— (1,0,1)

/

(0,0,0) (1,0,0)

AN

07]‘71) (171’1)

/

(0,1,0) — (1,1,0)

N

FIGURE 12. 3-dimensional hypercube.

FIGURE 13. 3-dimensional triangulated hypercube.

4. MIXING TIMES ON NICE CLASSES OF 3-REGULAR GRAPHS
Consider the space of binary strings of length n; that is, let
Q={0,1}"={v=(v1,...,v,) : v; €{0,1}}.
Definition 4.1. We define the Hamming weight on this space to be a function
H:Q —{0,...,n} such that
H(v) = Z V5.
i=1

In other words, we sum the components of this vector.

Definition 4.2. We form the n-dimensional Hypercube by taking the space (2
to be the set of vertices for our graph, and we connect an edge between v, w € € if

|H(v) = H(w)| = 1.

We have that the 3-dimensional Hypercube forms a very nice 3-regular graph,
in that it is vertex transitive.

Definition 4.3. A graph G is vertex transitive if, for any two vertices vy, vs,
there is some map f : G — G preserving edge-vertex connectivity (also referred to
as a graph automorphism) with

flvr) = va.

Remark 4.4. All of the graphs mentioned in this section will be vertex transitive.
This may be important (see the Question 4.23), however we do not really use this
property in finding any of the mixing times themselves. When referring to “nice
class of graphs,” we mean a family of vertex transitive 3-regular graphs which are
easily describable.
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Q

— / _/

FicURE 14. Triangulating a vertex on a 3-regular graph

An example of this graph can be seen in Figure 12. The mixing time of the lazy
random walk on this graph is well understood to be

tmix < TLIOg(TL) - nlog(e)

as seen in Example 5.3.1 in [3]. We would like to understand the behavior of
the modified lazy random walk on the triangulated 3-dimensional hypercube.
By triangulated, we mean replacing each vertex with a copy of K3 and attaching
corresponding edges. An example can be seen of the process can be seen in Figures
14 and the triangulated version of the 3-dimensional hypercube can be seen in 13.

Proposition 4.5. For the lazy random walk on the triangulated 3-dimensional

hypercube, we have
42

tmix (E) < —.
€

Proof. Recall that the lazy random walk on this graph will be
if x =,

if y € N(z),

0 otherwise.

O o=

P(xay) =

Notice that the vertices on our triangle correspond to dimensions, as can be seen
in Figure 13. That is, we have that the blue vertices correspond to moving in and
out, the red vertices correspond to moving up and down, and the green vertices
correspond to moving left and right in Figure 13. Assume that our walkers do not
match in any dimensions at their start. Then the expected amount of time until
they match in some dimension is a geometric random variable with a probability
of success being 1/6. The expected time for this is then 6. Now, our walkers
will move together in the dimension that they have matched up in, and will move
independently on either two dimensions. We now want to measure the expected
amount of time until our walkers match in another dimension. We now have three
states to consider; if our walkers are on the vertex color they have matched in, if
they are on a new color they have not yet matched in, and if they have coalesced in a
new color or dimension. We denote these by 2, 1, and 0 respectively. Doing so now
transforms our Markov chain to a walk on {0, 1,2}. Let 7/ be the amount of time it
takes until our walker on this new chain reaches 0. Then we set f; = E(7/ | Xy = i),
giving us fy =0,
1 2 1
fi= st S+ fi) + 6(1 + f2),

w

and

fo= S04 ) + 50+ A1),

Solving this sequence of equations gives fo = 12 as our upper bound for this portion.
Now with our walkers matching in 2 dimensions, we want to see how long it takes
until they match in the third, and therefore coalesce. We again have the three
options we had before; our walkers are on a vertex in which they already match
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FI1GURE 15. Prism graph of size 10

in dimension, they are on a vertex which they do not match in dimension, or they
have coalesced in this final dimension. Again, we represent these states as 2, 1, and
0. We have that our Markov chain is a walk on {0,1,2}, with 0 as the absorbing
state. Using the same notation as before, we have fo = 0,

fi :%+%(1+f2)+%(1+f1)7

and
) 1
fo= 6(1 + f2) + 6(1 + f1)-
Solving this series of equations gives us fo = 24, and so we have an upper bound of
24. If 7 is the amount of time until the walkers coalesce, then we have a bound of

max BE(7 | Xo=2,Yy=y) <6+ 12424 =42
z,yeN

as desired. |

This then begs the question of whether or not there is some relation between
the mixing time of the modified random walk on the triangulated graph and the
mixing time of the modified walk on the 3-regular graphs. To explore this, we first
study the prism graph.

Definition 4.6. The prism graph on 2n vertices is constructed by taking two
cycles of length n and attaching edges between corresponding vertices. Notationally,
we have G = (V, E) is the prism graph if

V={(a,b) |a€{0,1},b€{0,...,n—1}},
E ={((a,b),(c,d)) | a=c¢,b=d =+ 1(mod n)}.

An example of a prism graph can be seen in Figures 12 and 15.

Proposition 4.7. For the lazy random walk on the prism graph of size n, we have

3n? 6

mix_li66 6

Proof. We first couple based on whether our walkers are both on the inner or
outer cycles. Flipping a coin to decide which walker moves and letting them move
wherever possible, we see that this it is a geometric random variable until our
walkers match in cycle. Since there is a probability of 1/6 of the walker moving
into the same cycle at each step, we have that the expected amount of time is 6. It
is now simply a random walk on the cycle with a higher chance of staying in place

t
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FIGURE 16. Mobius ladder graph of size 10

(2/3 chance of staying in place, and 1/6 chance of going left or right). Running
through the process, we have

k
S =3k + mfk-m

leading us to have

fk:Sk(%—k>.

Maximizing this gives
3
E(r| Xo=y,Yy=vy) < —n?
nax, (1] Xo=y,Yo=y) < T
as desired. ]

This argument lets us also find the mixing time of the Mébius ladder graph.

Definition 4.8. The Mdobius ladder graph is formed by doing the same con-
struction as the prism graph, except there’s a twist at the bottom. Notationally,
we have G = (V, E) is the Mébius ladder graph of size 2n if

V={(a,b) |a€{0,1},6€{0,...,n—1}},
E ={((a,b),(c,d)) |a=band b=d =+ 1(mod n),be {1,...,n— 2}
ora=1—-bandb=d+ 1(mod n) ifd=n—1,b=d— 1(mod n) if d = 0}.

An example can be seen in Figure 16. Since the Mobius ladder graph can be
unwound, as seen in Figure 17, we could alternatively identify this as

V={0,...,2n—1}
E ={(a,b) | a=b=+1(mod 2n) or a = b+ n(mod 2n)}.

Corollary 4.9. For the modified lazy random walk on the Mo6bius ladder graph,
we have that the mixing time is

: < 3n? n 6
= 16e €

Proof. Notice that the Mobius ladder graph can be unwound to get the circulant
graph, as seen in Figure 17. We identify two vertices across from one another to
be in the same class, that is, vertices v1,vo € V are in the same class if v; =
vy + n/2(mod n). This pushes our Markov chain to its quotient Markov chain.
We see we have a cycle on n/2, with modified probability of staying in place as in
Proposition 4.7. Moreover, once coupled in class, we just need to couple in position
itself. Flip a coin and move the walker; if it jumps across, we have the walkers
coalesce and we win. Otherwise, move the other walkers so that they are still in the
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F1GURE 17. Unwound Mobius ladder graph of size 10.

F1cUrE 18. Triangulated cycle distance. Notice that we went from
3 vertices to 3(3) + 1 = 10 vertices.

same class. Then the probability of the walkers coalescing is a geometric random
variable with probability 1/6, and so we get the same constant factor of 6 as an
upper bound for this latter bound. Summing our two results together gives the
result. |

Proposition 4.10. For the lazy random walk on the triangulated prism graph of
size n, we have

15n? 87

16€ + 5S¢’

Proof. We again want to start by coupling based on which cycle (either inner or
outer) we are in. Letting the walkers move independently of one another, we wait
until they occupy the same location relative to their triangles. This will take 6
steps, since this is just a geometric random variable. Couple the walkers so that
they now move the same direction on their relative triangles. We now wait until
they reach the vertex corresponding to moving either inwards or outwards, and then
couple it so that there’s a 1/3 chance they move to the same level, 1/3 chance they
stay in place, and 1/3 chance they move backwards together. On the remaining
two nodes, there is a 1/6 chance they move to the top node and a 5/6 chance they
stay on the base of the triangle. Solving the equations gives us that this will take
15 steps.

Now that we have they are in the same cycle, we have that they will stay in the
same cycle. We now focus on the lazy random walk on the triangulated cycle, with
the addendum that on the vertices of degree 2 (the top vertices of the triangles) we
have a 2/3 chance of staying in place. We’ll couple so that they move to the top
vertex together, move independent of one another on the bottom vertices (flip a
coin and move either left or right), and otherwise move to opposite locations on the
base from the top vertex. Using the same philosophy as with the normal cycle, we
instead look at the Markov chain constructed by the clockwise distances between
the vertices, with absorption at 0 and 3n + 1 (here, 3n + 1 since there are now 3n
vertices and we add an extra vertex to denote coalescing). An example of this can
be seen in Figure 18.

tmix(e) S

Claim 4.11. Let g; be the expected value of being absorbed starting at the right
most vertex in the " triangle, h; the left most vertex on the " triangle, and f;
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on the top most vertex on the i + 1*" triangle. Then we have
18 +45(1 — 1 5 —3
9i = ( ) + -
5 51
Proof. This can be shown using the usual inductive argument. In the case of i = 1,
we get

hi+1.

18 2 L
g1 = 5 + 52
by simply substituting in the appropriate values. Assuming it holds for i, we simply
need to substitute in appropriate values on this chain and we should get the result.

So we have

18 +45(t —1 5. —3
_ 18+ (¢ )+ i

B hi7
5 51

9i

1 1 1 1
h; = 6(1 +9i) + 6(1 + fi) + 6(1 + gi+1) + 5(1 + hi),

and
1 1 2
fi= g+ hi)+ (14 gin) + 51+ fi).
Solving all of these variables and then solving for
1 1 1 1
Git1 = 6(1 + hi) + 6(1 + fi) + 6(1 + git2) + 5(1 + gi+1)
gives us
- 18+445i n 5042
Ji+1 = 5 " 5i+5 i41-
as desired. ]

Claim 4.12. Letting k = n/2, we have
3
g = 5(5]4: — 504 3)(5l — 3).

Proof. This holds for the base case I = k. Assume it holds for i. We must show it
holds for i — 1. Going through the motions, we have

1 1 2
fi = 6(1 +gi) + 6(1 + hz) + 5(1 + fz)

which solving gives us

fi=%+%ki—%k—§i2+9i+%hi.
Solving
hi = 1(1 +gi-1) + 1(1 +fi) + 1(1 +9i) + he
"6 ’ 6 76 72
gives us
9 .27 o B4 2
hiZ%—&—ka—gk—QZ +€Z+ggi—1-

Finally, using the prior claim, we have

18+45((i—1)—1) 5(i—1)—3
5 5(i—1)

Substituting in the h; we just found, we get

h.

gi-1 =

3
gi—1 = —5(5i — 5k —8)(5i — 8),

which satisfies the induction hypothesis. |
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FIGURE 19. The generalized Petersen graph GP(6,2).

This then also gives us
hy=15(1—-1)(k—1+1)
and
36 9
fi= 5 + 15kl — 12k — 151° + 24]

for free by substitution. The top most node will be furthest away, so maximizing
fi with respect to [ gives

15 5, 12
—n°+ —.
16 5
Adding in the constant of 21 we found earlier gives us
15 87
E(r| Xo=2,Yy=y) < —n’+ —.
max B(r [ Xo=2.Yo=y) < 3gn°+ 3

Corollary 4.13. For the modified lazy random walk on the triangulated Mobius
ladder graph, we have that the mixing time is

15n2
16¢

Proof. The argument is analogous to the argument found in Corollary 4.9. ]

tmix(e) S + 875¢.

We then can also explore another nice class of 3-regular graphs called general-
ized Petersen graphs, denoted by GP(n, k).

Definition 4.14. The generalized Petersen graph is constructed by having a cycle
graph of size n on the outside connected to the star polygon of size n with k
vertices between a vertex and its neighbor. Notice that we require n > 3 and
1 <k < |[(n—1)/2]. Notationally, we have again that a graph G = (V, E) is the
generalized Petersen graph G(n, k) if

V={(ab)|ac{0,1},b€{0,...,n—1}},
E:{((aab)v(cad)) |a7éc,b:dor
a=c=1b=d + 1l(modn)ora=c=0,b=d + k(mod n)}.

Prism graphs are an example of GP(n,1) for example. Another example can be
seen in Figure 19. We can use a similar sort of coupling procedure as we used with
the prism and Mébius graphs to find a bound for GP(n, k).
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F1cURE 20. The cycle with extra nodes.

Proposition 4.15. For the lazy random walk on GP(n, k), we have that the mixing

time is
b 3d2+3(n>2+18
T 2e T 2e\d €’
where d = n/ged(n, k).

Proof. We first couple our walkers so that they have the same height; i.e., they
are either on the inner cycles or on the outer cycle. Letting the walkers move
independently of one another, we find that the probability of them coalescing with
regards to inner or outer cycle, or height, is a geometric random variable with
probability 1/6. The expected value is then 6. Once the walkers share the same
height, they will always share the same height. The number of different cycles on
the inner part is d = n/ ged(n, k), since we’re looking at the order of k in Z/nZ.
We'll have our walkers move together on the inner part (so they move left, right,
or outward together), and on the outer part they’ll move independently of one
another. Then we see that this gives us the quotient Markov chain on the cycle n/d
with extra nodes coming outward. An example of this can be seen in Figure 20.
We can use the same philosophy as on the normal cycle; shifting this to a Markov
chain on {0,...,n/d} with absorbing 0 and n/d being absorbing states. Focusing
only on the nodes on the ‘inside’ portion, we set up a series of equations again.

Claim 4.16. If 7 is the amount of time it takes to be absorbed, letting f; =
E(r | Xo =j), we have

I
j+1

fi=65+ fi+1s

l<j<n/d—1

Proof. Notice that we have

1 1 1

where g; here denotes the outer nodes. For g;, we have

5 1
i ==(14+g)+ =1+ fi),
b= 200+ S0 g

(1490 + 51+ f)

and solving this gives
9i =6+ fi.
Substituting in all the values gives
1
fi=06+5f

so we have Claim 4.16 holds for the base case. Now, assume the inductive hypothesis
holds for j. We show it holds for j + 1. We set up

fion= g4 f)+ 51 g) + S (14 fre2) + 5(1L4 ).
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Fi1GUre 21. Triangles in the Cycle

Substituting in values and solving gives

j+1
j+2
as desired. ]

fy:ﬁj(%—j)-

Proof. From the prior claim, we have

=03 1)

Assume Claim 4.17 holds by induction for 7, and we want to show it holds for ¢ — 1.

Then we have
. (n .
fi =067 (E — Z)

fici=6(G—-1)+ %fz
Substituting in the values gives us
fis1=6(i—1) (%—Hl)
as desired. ]

fit1=6(+1)+ fi+2

Claim 4.17. We have

and

Maximizing this, and using the fact that g; > f; for all i, we have an upper
bound of (3/2)(n/d)? + 6. Now that the walkers are in the same inner cycle (since
there are d inner cycles that we could possibly be in), we can couple with respect
to the inner cycle, measuring how long it takes for the walkers to coalesce on their
respective inner cycle. However, this is just the same process as in Claims 4.16 and
4.17, replacing n/d with d. Once we have this, we sum everything together to see

that
3 /n\> 34> 18
dit) < = = = 4=
()_2t<d> Tty
as desired. ]

Proposition 4.18. For the lazy random walk on the triangulated GP(n, k), we
have that the mixing time is

15d> 15 <n>2 on 94 96

tmix =

2% T2\d) Tat e
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Proof. We will walk through roughly the same steps as before. We first couple
our walkers so they are in the same position in their relative triangle. Moving
our walkers independently, this is a geometric random variable and so it takes on
average 6 steps. We then want to couple our walkers so that they are in the same
‘height’ on their respective triangle duo. See Figure 21 for an example. We couple
so that if our walkers move to the top of their respective triangles (2 or 3 in Figure
21), then they move together. Once they are at the top of their triangles, then
they coalesce with probability 1/3 (one hops and the other stays in place), stay
with probability 1/3, and move downward with probability 1/3. and once they are
coupled in height then they stay coupled in height. Setting up a series of recursive
functions, we find that this is bounded by 15. Once coupled with regards to height,
we then want to couple based on which inner cycle we are in, as in the proof of
Proposition 12.

This gives us a cycle of length n/d of triangles with triangles above it as well.
An example of what each state looks like can be seen in Figure 21 again. We then
would like to find the maximum expected amount of time it takes to coalesce on
the cycle. Let the walkers move together everywhere except for the base of the
triangle and left and right independently on the base of the triangle (that is, one
stays in place while the other moves left or right). When moving downward from
the top vertex of the base triangle, the walkers move to opposing spaces. We can
then preform a similar procedure as in the proof of Proposition 11, with now the
maximum expected time being at either of the top two vertices.

Claim 4.19. Take f; to be the far right vertex on the base of the i*" triangle (for
example, 1 in Figure 21) and h; the left vertex on the base of the i*" triangle. Then

we have
8+5(i—1)—3

8+5(i—1)

Proof. We proceed by induction. For the base case, we just plug in values to get

5
fr=18+ Zhs.

Let k; be the vertex above h; and f; (for example, 2 in Figure 21), a; be the vertex
above that (for example, see 3 in Figure 21), d; and g; the vertices on the top left
and right respectively (for example, see 4 and 5 respectively in Figure 21). Now,
we assume Claim 4.19 holds for ¢ and show it holds for ¢ + 1. Using our series of
equation, we have

. 845(-1)-3
= 18I o 0y
e
1 1 1 1
hiv1 = 6(1 + fir1) + 6(1 + fi) + 6(1 +kiv1) + 5(1 + hit1),
1 1 1 1
kiv1 = 6(1 +hit1) + 6(1 + fiv1) + 6(1 +aiv1) + 5(1 +kit1),
1 1 1 1
ajy1 = 6(1 +kit1) + 6(1 +dit1) + 6(1 + giv1) + 5(1 + ait1),

1 1 1
dit1 = 6(1 +aiq1) + 3(1 +gi+1) + 5(1 +dit1),

1 1 1
giy1 = 6(1 +aiy1) + 5(1 +diy1) + 5 (14 git1),

2
1 1 1 1
fir1 = 6(1 +hiy1) + 6(1 +kip1) + 6(1 + hiya) + 5(1 + fiv1)-
Solving and substituting in values gives us
. 5+ 51
fir1 =180+ 1) + hito

8+ 51
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as desired. |

Claim 4.20. Without loss of generality, take g; be the top right vertex of the i*®
triangle (for example, 5 in Figure 21), and take f; to be the far right vertex on the
base (for example, 1 in Figure 21). Then we have

198 +30(: — 1 o1 —1
_ (-1 5

i 5 5 Ji-
Proof. Manually going through, we see we have
198 4

g1= 5" + gf 1.

Using the proof from the prior claim, we see that
198 +30(¢) H5(i+1)—1
=75 St

as desired. ]

Claim 4.21. We have

peslo) )

Proof. Let a = n/d = ged(n,d) for notational simplicity. We have hyy1 = 0, and
so it follows that f, = 18, as desired from Claim 4.19. Now we check it holds for
induction. Assume it holds for i 4+ 1, then we want to show it holds for . Then
using the values we found from the proof of Claim 4.19, we substitute in

fix1 =63 +1)(ba—5(i+1)+3)
and we see that
fi = 6i(ba — 51 + 3)
as desired. ]
Claim 4.22. We have
gi = —30i% + (30 + 30) i — 6a + 30
Proof. A consequence of Claims 4.20 and 4.21. |

Maximizing ¢; with respect to this gives us

2
15 /n n 75
max E Xo=z,Yo=9y) < —| = 9— 4+ —.
max B(r | Xo=z,Y y)_2<d)+d+2
As in Proposition 12, we repeat this process for the inner triangles, with coalesc-
ing here now meaning our walkers coalesce in the larger triangle. Repeating this
procedure now gives

15 75
E = Y, = < 7d2 d2 .
;r}fggz (t| Xo=12,Y y)_2 +9 +2
We then sum these together along with our constant value to get our result. ]

In the prism graph, Mobius ladder graph, and generalized Petersen graph, we
see that (fixing k) the triangulated version is asymptotically 5 times larger than
the non-triangulated version of the graph. This then leads us to a few questions.

Question 4.23. For vertex transitive 3-regular graphs, is the mixing time of the
triangulated 3-regular graph at most asymptotically 5 times larger than the upper
bound of the mixing time of the non-triangulated version?
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Question 4.24. For all 3-regular graphs, is the mixing time of the triangulated
3-regular graph always asymptotically 5 times larger than the upper bound of the
mixing time of the non-triangulated version?

Question 4.25. Can we find similar results for the lower bounds on these mixing
times?

Question 4.26. Are these bounds tight?

Further research on this could explore these questions. Propositions 4.7, 4.10,
4.15, and 4.18 all give some evidence towards Question 4.1. Being able to classify
graphs like the Heawood and Franklin graph may provide further evidence or coun-
terexamples for Question 4.1. For Questions 4.2 and 4.3, one may want to explore
3-regular graphs with large bottlenecks. It seems like vertex transitivity is a re-
quired property for this to work based on how the couplings in the prior examples
worked, so explicitly finding a family of 3-regular graphs which are not vertex tran-
sitive and determining the asymptotics of the mixing time for the non-triangulated
and triangulated version may provide counter examples for Question 4.2. Finally,
methods other than coupling may shed some light on Question 4.4.

5. APPENDIX

Throughout, we mention things like Gambler’s ruin and the mixing time on the
cycle of length n. While these facts can be found in most textbooks on Markov
chains and mixing times (see [2], [3], [4]), we place them here for convenience.

Proposition 5.1 (Fair Gambler’s Ruin). If a Gambler is betting 1 dollar on flips
of a fair coin, and must leave the game if they run out of money or reach n dollars,
then we have

E(r | Xo=k)=k(n—k),

where 7 is the amount of time it takes to reach 0 or n.

Proof. Let f; = E(r | Xg =14). Then we have fo =0 = f,, and

fi= %(1 + fic1) + %(1 + fix1)-

This leads us to the following claim.
Claim 5.2. We have )
. i
fi=i+ mf i+1
for 0 < i < n.

Proof. We proceed by induction. For the base case, we have

1 1
fi=31+0)+ 51+ fo)
and so simplifying gives us
1
fi=1+ §f2-

Assume it holds for 7. Then we have
1

1
firr =50+ fi) + 51+ fira).
Substituting in f; and solving for f;+1 gives
141
AP ST I
fz+1 v+ +i+2fz+2
as desired. |
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We now need to establish the claim by induction. For the base case, we have

fnf1:n—1—|—nT(O):n—lz(n—l)(n—(n—l)).

Assume it holds for k; that is,

fe =k(n—k).
Then we have
k—1
feei=k—-1+ A fr-
By the prior claim, we get
k—1
fici=k—=1+——(k(n—k)) =k—1+ (n—k)(k—1)

k
=(14+Mm-k)k-1)=k-1)(n—(k—1))
as desired. So the inductive hypothesis holds, and we get
Jr =k(n—k)
for all 0 < k < n as desired. In particular, maximizing this gives
2

n
E Xo=z,Y) = < —.
Imax, (1] Xo=2,Y y)74

Proposition 5.3 (Mixing Time of the Cycle). We have that the mixing time on
the cycle Z/nZ is bounded above by

<

~ 4e

Proof. Our coupling procedure is as follows: flip a fair coin to determine which
walker we move. Then, flip another fair coin to determine whether the walker
moves left or right. We measure the clockwise distance between the two walkers
after each step. The coupling procedure then shifts us to a walk on the chain
{0...,n}, with 0 and n being absorbing states and transition probabilities being
1/2. We can then use Proposition 5.1 to determine that

tmix (6)

2

n

E(r| Xo=2,Y =) < —
max (7] Xo =Y y)_47

and so using Theorem 1.20 we get

o<
mix = 46'
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2 BEN RILEY

ABSTRACT. This paper expands on previous results of equivariant and non-equi-
variant SK. We present oriented analogs of some equivariant results presented
by Komiya, Hara, and Waner & Wu. In addition to building on these results,
we introduce a new exact sequence that connects non-equivariant SKK and SK
in both the oriented and non-oriented cases. We then extend this result to an
equivariant setting to produce an equivariant version of the exact sequence. We
also incorporate the notion of SKV as introduced by Prevot, to manage torsion
induced by the Korvaire Semicharacteristic.

1. INTRODUCTION

The purpose of this project is to generalize and expand upon previous results
about the relations between equivariant SK operations and bordism relations for
both oriented and non-oriented cases. In Section 2, the classical non-equivariant
results of [KKNO?73] are presented, along with the nonequivariant version of main
result in Theorem 2.3. In Section 3, requisite knowledge of equivariance and
representation theory is introduced, while in Section 4 equivariant nonoriented
analogs of the classical results are presented. Section 5 presents equivariant ori-
ented analogs of the classical results, in addition to our main results. Our main
result produces a new exact sequence connecting SKK and SK previously unseen
in the literature. Theorem 2.3 and Theorem 2.4 introduce this sequence in the
non-equivariant setting, while Theorem 5.2 and Theorem 5.3 generalize the non-
equivariant theorems to an equivariant setting.

2. NON-EQUIVARIANT SK OPERATIONS AND BORDISM

In this section, we will be presenting classical results classifying manifolds non-
equivariantly. Let M,, be the collection of n-dimensional closed (oriented) man-
ifolds classified up to (orientation preserving) diffeomorphism. Let M denote
the non-oriented analog. By giving this collection an addition operation defined
by disjoint union and additive identity , the empty manifold, we see that it clearly
becomes a commutative monoid. Now, we would like to introduce the notion of
cut-paste or SK (Schneiden-Kleben) relations.

Definition 2.1. Let N, N’ be (oriented) n-manifolds with (oriented) boundaries ON and
oN’ respectively and let ¢, : ON — 9N’ be (orientation preserving) diffeomorphisms.
Now let M be an (oriented) n-manifold such that M = N U, —N’, (where —N' is N’
with reversed orientation). A cut-paste (SK) operation on M produces a new (oriented)
manifold M’ by the following procedure: Cut M along ON to produce N + (—N)' and
then paste by ¢ : ON — 0N’ to produce the new manifold M’ = N Uy, —N'.
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FIGURE 1. SK Operation

These operations define a relation that allows us to factor M, into equivalence
classes as follows:

Definition 2.2. M, M’ are SK-equivalent if there exist some n-manifold W such that
M’ + W can be obtained from M + W by SK operations.

Definition 2.3. We now produce the group of n-dimensional oriented SK-equivalent
manifolds by taking M, and quotienting by SK-equivalence. We then take the Grothendieck
completion to produce the group SKy. An analogous factoring in the non-oriented case
can be done to produce SKQ

The constructed inverses of SK elements are mentioned later in subsection4.1,
and their full description is given in [KKNO?73, Pg. 57]. SK groups are of primary
interest due to the study of SK invariants. Examples of SK invariants include
Euler characteristic x and signature 7. In general, they are defined as follows:

Definition 2.4. Let G be a group and p : My, — G (alternatively p : M — G)
be a monoid homomorphism. p is an SK-invariant if o(M) = p(M') for M, M’ SK-
equivalent manifolds.

Showing that Euler characteristic x and signature T are SK invariants follows
from the additive properties of these functions. For x, When we let X = AU B,
we have the following additive property.

X(X) = x(A) +x(B) = x(ANB).
So by taking collared neighborhoods around N and N’ which intersect at the glu-
ing at N, we see that

X(M) = x(N) + x(N') = x(9N) = x(M").
The signature being SK-invariant follows from the property of Novikov additivity
which states that
(M) = t(N) — t(N') = t(M').
In fact, [KKNO73, Corollary 1.4] states that all SK invariants are linear combina-
tions of Euler characteristic and signature.
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Now, an equivalent formulation of an SK-invariant p is that, when M and M’ are
SK equivalent, p(M) — p(M') = 0. We may now consider another class of homo-
morphisms that generalize SK-invariants, where instead of the difference being
zero, it is some error term dependent only on the gluing maps. This introduces a
new class of invariant defined as follows.

Definition 2.5. An SKK-Invariant is a monoid homomorphism A : M, — G (alter-
natively A : MQ — G) where for M = N Uy —N" and M' = N Uy —N' then

AM) = A(M') = Mo, 9).

Such an invariant is called SK-controllable, (SK-Kontrollierbar) as it is control-
lable solely through the choice of boundary diffeomorphism, and not the mani-
folds with boundary N and N’. Notice that all SK-invariants are SKK-invariants
with error term 0. We now present an example of an SKK-invariant which is not

an SK-invariant. Recall the Euler Characteristic of n-dimensional manifold:
n

x(M) = ;)(—1)irank(Hi(X,‘Z)).

Definition 2.6. The Kervaire Semicharacteristic is defined to be:
[n/2] ‘
k(M) =Y (-1)'rank(H;(X;Z)) (mod 2).
i=0
This function only takes non-trivial value on manifolds of dimension n =1 (mod 4)

We would now like to use this type of invariant to generalize the notion of SK
equivalence to an equivalence that respects SKK invariants. Now for, N, N{, N>, Nﬁ,
with N7 = dN; and dN] = 9N}, an equivalence relation can be imposed on M,

(or M7)

Definition 2.7. SKK-Equivalence can be defined by imposing all relations of the form
(N1 Uy —N7) + (N2 Uy —N3) = (N1 Uy —N7) + (N2 Uy —Nj) on M,

Definition 2.8. When we quotient M,, by the SKK equivalence given above, and take
its Grothendieck completion, we obtain the group SKKy. When working with nonoriented
manifolds, we obtain SKKY.

These SKK groups and, to a somewhat lesser extent, the SK groups are closely
connected to another more prominent equivalence relation. The notion of (co)bordism
is prevalent in algebraic topology and is defined as follows:

Definition 2.9. Two (oriented) n-manifolds, M, M’ are cobordant if there exists an
(oriented) (n+1)-dimensional manifold Y such that M + M’ = 9Y.



CUT-PASTE OPERATIONS AND BORDISM OF MANIFOLDS IN AN EQUIVARIANT SETTING 5

FIGURE 2. Cobordism Y of manifolds M and M’

Definition 2.10. Let Qn denote the quotient group after Grothendeick completion of
cobordant oriented n-manifolds. Such a group is called the bordism group. In the non-
oriented case, we denote the group Ny.

Now, that our relations have been defined, we would like to begin building and
combining these notions. Primarily, we can ask what happens when both SK and
bordism relations are imposed at the same time.

Definition 2.11. Take SK,, and quotient by bordism relations to generate SKy. This

group can be formed equivalently by taking (), and imposing the SK relations. S_KI? can
be formed analogously using non-oriented relations.

These relations clearly commute, and so we have the following diagram.

M, —— SK,

|

This construction allows us to study the differences between SK and bordism re-
lations. By studying the kernels of these quotients, we can see how these relations
differ. This gives rise to the following theorems.

Theorem 2.1. [KKNO73, Theorems 1.1, 1.2, 4.2] Let I, C SKj, be the subgroup gen-
erated by the equivalence class [S"]gk. Let I;, C SKK be the subgroup generated by the
equivalence class [S"|sxx and F, C ), be the subgroup generated by all [M|q, where a
representative M fibers over the circle. Equivalently this is the subgroup generated by the
classes of mapping tori. Now the following three sequences are exact.

(2.1) 0 s 1, » SKy, » SK, > 0

(2.2) 0 > F, > Oy » SK;, > 0
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(2.3) 0 > I » SKK,, s ), > 0

Additionally, these sequences are exact when each group is replaced with its non-oriented
analog. I, and I}, have been computed as follows:

Z neven
2.4 Iy =
@4 " {0 n odd
for both oriented and non-oriented cases, and
Z  neven
(2.5) I,=X"7, n=1(mod4)

0 n =3 (mod 4)

Z. neven
2.6 Y =
(26) " {0 n odd

Additionally, 2.1 and 2.3 split in the oriented case.

We will only present the proofs of the exactness of the sequences, due to their
geometrically enlightening nature. However, before presenting these proofs, I
would like to make a note on the calculations of these sequences. These groups
are computed by examining the values the invariants mentioned above take on
specific manifolds. I, is computed by studying Euler characteristic and signa-
ture, with I}, proved similarly except for the 1 (mod 4) which uses the Kervaire
Semicharacteristic. More in depth proofs are presented in [KKNO73]. To prove
the exactness of these lemmas, we present the following lemmas from [KKNO73]:

Lemma 2.1. [KKNO73, Lemma 1.5 (i)] [S']sk = [0]sk

Proof. We will show that S! is SK-equivalent to S' 4 S!. Let I; denote an i copy of
unit interval. In the context of the definition of SK-equivalence, we can consider
S' = (I + I3) Uy (I, + 1y), where ¢ identifies endpoints by {1}; ~ {0};11. Now
consider the identification

{1}1 — {0}4

P {0} = {1}4
| {1}2— {0}5
{0}2 — {2}3
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I Iy
FIGURE 3. Demonstrating SK Equivalence of S' and S! + S!

N

We see this funtion pairs the intervals off to form two circles. S' + S! = (I; +
I5) Uy (I, + Iy) This is illustrated in Figure 3. Thus [S']sx = 2[S!|sx and so

[SYsk = [0]sk- O

Lemma 2.2. [KKNO73, Lemma 1.5 ii)] If M fibers of S™ with fiber F, then [M]sx =
[5"]sk[Flsk-

Proof. Consider M which fibers over S” with fiber F. Then recall S" = D" U;y D"
Then M = (F x D") U, (F x D"), for some ¢. However, this is then SK-equivalent
o (Fx D")Uj; (F x D") = F x §", so the M is SK-equivalent to S” x F and so
[M]sk = [S"]sk[F]sk O

Additionally, here we would like to introduce a special class of manifold called
mapping tori. For a closed manifold F, consider the manifold F x [0, 1]. Note this
manifold has boundary F + F. Now, in the same way S! can be viewed as the unit
interval with endpoints identified, we can similarly identify the two boundary
copies of F together using the identity to form F x S'. However, if we chose to
use a different smooth diffeomorphism ¢ : F — F to glue along, the resulting
manifold is called a mapping torus and is denoted T,. Specifically, we make the
identification

T, = Fx [0,1)/((x,0) ~ (9(x),1)).

For a simple example, consider the mobius band and the unit cylinder both
having fiber F = [0,1]. The unit cylinder is the identity mapping torus, while
the mobius band is the mapping torus with attaching map ¢(t) = (1 —1t). As
described here, mapping tori clearly fiber over S!, and thus by combining the
above lemmas, we see that the mapping tori denote the zero class in SK.

Another construction which will be relevant is the twisted double. For two
diffeomorphic manifolds N, N’, with diffeomorphisms f,¢: N — N/, the twisted
double TDy,, is defined as (N x [0,1] + N x [0,1]/((x,0) ~ (f(x),0),(x,1) ~
(¢(x),1)). A picture is shown in Figure 5. It is a known result that any twisted
double is cobordant to the mapping torus T(gf ).
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FIGURE 4. Construction of Mapping Torus

F x [0,1]

Pr——l

FIGURE 5. Twisted Double

Another notion that we will need is that of a geometric surgery. Surgery on a
manifold M is a method of producing a new manifold M’ in the following way:

Definition 2.12. Let M be a manifold with an embedding of S* x D"~*. Now take
cl.(M\ (§F x D"=K)) and paste in D*1 x S"=K=1 via gluing along the boundary. Then
the manifold M' = cl.(M \ (S5 x D"7%)) U (D¥1 x §"=*=1) is produced from M by
surgery of type (k +1,n — k).

Note that S" = (S* x D"¥) U (D1 x §"=*=1) and thus both have the same
boundary, and so this identification is consistent.
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.

FIGURE 6. Surgery of Type (1,2) on S?

Example 2.2. We present an example of surgery on S of type (0 + 1,2 — 0). We take
S and look for an imbedding of S° x D?. This is two disjoint disks on S? with boundary
S! + S'. We now would like to glue the handle S' x D', with is a hollow cylinder with
boundary S' + S'. By removing the two disks, and gluing in the handle, we produce a
torus. A visualization of this example can be seen in Figure 2.2.

Lemma 2.3. [KKNO73, Lemma 1.6] If M’ is a manifold obtained from surgery of type
(k+1,n — k) on a manifold M, then [M]sx + [S"]sk = [M']sk + [S* x " sk

Proof. First recognize the following identities:

M+8" =M\ (S*x D" ) U (¥ x D"*) 4 (S x D" ) U (D" x §"*T)

M’ + 8K x sk = M\ (SF x D" F) U (DM x §" K1) 4 (8K x DKy U (SF x D" F)
Then, we view manifolds N as the disjoint union of the first components and
N’ as the disjoint union of the second:

N =M\ (¥ x D"7%) + (sk x D"7F)
N/ = (Sk « Dn—k) + (Dk+1 > Sn—k—l)

Then M + S" = N Uy N’ and M’ + S* x S"F = N U; N/, where t swaps the
components being glued, and so we now see these are SK-equivalent. 0
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Now, by setting M = S". We see 2[S"]sx = [SKt1 x §" k=g + [SF x §"K]sx
and now set k = 0 and by induction, we see the following

Corollary 2.1. [KKNO73, Cor. 1.7]

2[S"]sx = keven

k n—k _
(57 % 8" sk = {o — kodd

Corollary 2.2. [KKNO73, Cor. 1.8] When M and M’ are related by surgery,
[M]sk = [M]sk + (=1)[S"]sk

We now have the sufficient tools to prove the exactness of sequences 2.1, 2.2,
and 2.3 from Theorem 2.1.

Proof of (2.1). First, note that the our two maps of interest are clearly injective (by
inclusion) and surjective (by quotient) respectively. Thus it suffices to show that
I, = Ker(SK, — SK;). The first inclusion, I, C Ker(SK, — SK,), is easy to
see as all S" are cobordant to the empty set as dD"+! = S" + &. Then it suffices
to show I, O Ker(SK, — S_Kn). To show this, we take two manifolds related
via bordism, and compare their difference in SKj,. It is a fact that bordisms can
be decomposed into a series of surgeries. That is to say, for cobordant M, M’,
there is a finite sequence of surgery operations and manifolds M; such that M’
can be can be obtained from M by interated surgeries on M;. Then when looking
at [M]sg — [M']sk, the difference at each stage of surgery is +[S"] by Cor. 2.2,
so therefore [M]sx — [M']sk = n[S"]sk for some constant 1, determined by the
sequence of surgeries. So the difference of any two cobordant manifolds in SK, is
some sum of spheres, Ker(SK, — SK,) C I. O

Proof of (2.2). First note that an equivalent formulation of F, is as the collection
of mapping tori cobordism classes, as fibering over S! is equivalent to being a
mapping torus as described above for some ¢. Now by construction F" includes
into ;. Additionally, by construction, Q) surjects onto SK. Additionally, F" C
Ker(Q);, — SK), as the SK class of all mapping tori is 0.

Now we must show the reverse inclusion. This can be accomplished by show-
ing the difference as cobordism classes of two SK-equivalent manifolds is a map-
ping tori. Let M = N U, N" and M’ = N Uy N’ be two SK-equivalent manifolds.
Now let us construct a bordism by taking N x [0,1] and N’ x [0,1] and gluing by
@ on the first third, 1 on the last third, and leaving the middle unglued.

The boundary of this manifold will be M + M’ + (dN x [1/3,2/3]) Uy, (N’ x
[1/3,2/3]). This last manifold is equivalent to a twisted double as N’ is diffeo-
morphic to dN, so as mentioned before this will be cobordant to T(¢~!). with
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N x [0,1]

(.

NU, N’ N Uy N’

FIGURE 7. [M]q — [M']q = [T(ev)]a

fiber ON. Therefore if M, M’ are SK-equivalent manifolds, then [M]q — [M']q =
[T(¥e~H]a. O

Proof of (2.3). First, we must show there is a well-defined surjection from SKKj
to the respective bordism group. To do this, we will note that bordism is an
SKK-invariant. Note that as a consequence of the last proof, [M]qg — [M']q =
[T(¢yp~1)]q- The class of the mapping torus is entirely dependent on the bound-
ary maps, and thus bordism defines an SKK-invariant. Therefore, assigning bor-
dism class is a well-defined mapping. Further, I}, includes into ),, and I, C
Ker(SKK,, — (),), for similar reasons as in (2.1). Therefore, it suffices to show
that the rest of the proof of Lemma 2.3 requires only SKK-equivalence, and then
all following corollaries will hold, and this proof will proceed as in the proof of
(2.1). This is easy to see by introducing an additional term. Notice that as defined
in the proof of Lemma 2.3 9N = dN’ = 29(SF x D"~*). Now let Q = Sk x D"k,
Notice that 2Q has the same boundary as N and N’. Now notice that 2Q U;; 2Q =
2Q Ut 2Q, as each is just the disjoint union of 2 copies of DQ, the double of Q.
Then via the relation

[N Ut N'|skk + [Q Uiq 2Q)skx = [2Q Ur 2Q]skk + [N Uig N skk

and that 2Q U;; 2Q = 2Q U; 2Q, we get [N Ut N/]SKK = [N Uig N/]SKK/ and thus all
other results shall follow. OJ

The calculations of the various kernels is given in [KKNO73] and will not be
replicated here.

An important note for the above proofs is that at no step was the argument itself
dependent on the orientablity or non-orientability of each manifold. Therefore, so
long as the mappings and gluings at each step are formulated in such a way that
they respect these conditions, the results will hold for both cases.
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2.1. SKV and Vector Field Cobordism. In this section, we discuss some notions
related to SKK-groups. The first provides an alternative interpretation of SKK
in terms of bordism. SKK can also be interpreted as Vector Field Cobordism,
where the bordism relation is modified to require the the bordism admit a non-
zero vector field inward normal on M and outward normal on M’. In this context,
we can give an alternate view of Sequence 2.3 and the splitting induced by the
Kervaire semicharacteristic.

0 I' Sy SKKy — Qp —— 0

N2

As presented above, the Kervaire semicharacteristic can be interpreted as the sole
factor differentiating classical bordism from vectorfield bordism. As such, Prevot
in [Pre80] introduces a modification of SKK to remove the 2-torsion induce by the
Kervaire Semicharacteristic. He defines the below relation of an SKV (or SK-Vier)
operation.

Definition 2.13. An SKV-operation on an n-manifold M; produces a new n-manifold
M, if the following hold:
o There exists an n-manifold P and four disjoint imbeddings 1; of a closed (n-1)-
manifold T, such that 9P = 1% 1;(T).
o There are diffeomorphisms ®,Y such that
D:M— P/~
Y.N—P/ ~n
where ~1 makes identifications 11(t) ~ 1p(t) and 13(t) ~ 14(t) and ~y makes
identifications 11 (t) ~ 14(t) and 13(t) ~ 13(t).

Definition 2.14. Two manifolds are SKV-equivalent if there are a finite number of SKV
steps which produce one from the other.

Definition 2.15. SKVy, is the group obtained by quotienting M,, by the SKV equiva-
lence and taking the Grothendieck completion. Similarly, we may obtain SKV.

We now present results without proof from [Pre80] which will be relevant to
modify Theorem 2.9

Proposition 2.1 ([Pre80]). There is an isomorphism

SKV, n#1 (mod 4)

27 SKK
@7) ”%{SKV,Z@ZZ n=1 (mod 4)

Note that in the non-oriented case, the Kervaire semicharacteristic is just the
trivial map, and so induces no torsion, and we have SKV? = SKK9.
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2.2. Results. We would now like to present some non-equivariant results. We
would like to study the map SKK — SK, to understand the relation between these
two groups. However, as we see above this will be heavily case dependent, as
the kernel of the two sequences 2.1 and 2.3 change depending on the congruence
class of n (mod 4). We now present results that hold specifically for all but n = 1
(mod 4).

Theorem 2.3. We present the new sequences:

(2.8) 0 > F, » SKK,, —— SK,, —— 0

This sequence is exact for n # 1 (mod 4) in the oriented case, and all n in the non-
oriented case. This is a consequence of the below braid commuting, whenn 1 (mod 4).

29) 0/ \SKK/ \S_K/ \0
NN TN

Proof. To check commutativity of the diagram, we must confirm the squares around
SKK;, commute, as the other squares trivially commute. Additionally, the first
square commutes also trivially. Now, let us check the top and bottom triang]les.
Notice that [S"]skx = [S"]sk, so by including [S"]skxk into SKK;, and then identify-
ing by SKj, relations, this is equivalent to just sending [S"|skk to [S"]sk in SK;,. A
similar argument holds for the lower triangle, where we see that the collection of
mapping tori F, can be regarded as either their SKK, class or as their cobordism
class. For the middle diamond, notice that this is a sequence of quotients, which
hold regardless of order. That is taking an SKK class and sending it to its SK class
and then its bordism class is equivalent to sending an SKK class to its bordism
class and then its SK class. Thus the above diagram commutes. To apply the braid
lemma to the diagram above, we must now show that 2.3 is a chain complex. By
noting that F, was all manifolds which fiber of S' and take the zero class in SK,
we see F, C Ker(SKK;,, — SKj,), which shows 2.3 is a chain complex and we may
now apply the braid lemma, which completes the proof. [
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We see that the sole obstrution to the above braid commuting for all # is the Z;
torsion caused by the Kervaire semicharacteristic. As we saw above, the notion of
SKV allows us to discard the torsion, which leads to the following theorem:

Theorem 2.4. By using the notion of SKV in place of SKK, we have the sequence for all
n, in both the oriented an non-oriented cases:

(2.10) 0 > Fy » SKV, —— SK, — 0

This is a consequence of the braid below commuting for all n. This follows from
the proof of Theorem 2.3.

/_\/\

NN /\

(2.11) 0 SKV,

Oy, \_/
3. G-SPACES AND EQUIVARIANT MAPPINGS

Later in this paper, we would like to examine equivariant SK, SKK, and bordism
relations. To do this, we must introduce the need background to discuss equiv-
ariance and its effects on the relations. We will be looking at a special class of
manifolds, which will be called G-manifolds, which come equipped with a group
action. This action permutes points within the space in some continuous way.
Using this construction, we have a more dynamic and interesting object of study.
The maps that respect such an action are said to be equivariant. Precise definitions
are given below.

Definition 3.1. A G-action given by a group G acting on a topological space X is a map
O : G x X — X satisfies the following conditions:

e O(h,0(g,x)) =0O(hg,x)

e Oe,x) =x
A space equipped with a G-action is called a G-space.

Equivalently, an action can be formulated as a map 0 : G — Homeo(X), where 6(g) =

O(g, —). We will denote ©(g, x) = gx. If 0 is injective, we say that it is an effective
action.
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Definition 3.2. A a G-map is a map ¢ between two spaces, X and Y, each with a G-
action. Such a map is equivariant if the following diagram commutes:

Now, we would like to define some of the specific constructions and objects
used in the study of equivariant manifolds and equivariant study in general.

Definition 3.3. Let x € X. The collection of points x is sent to under the action of G is
called the orbit of x (denoted G(x) ). That is G(x) = {gx | g € G}

Definition 3.4. A set S C X is H-invariant for a subgroup H C G if H(S) = S, where
H(S) = {hs|h € H,s € S}. This is equivalent to being the union of the orbits of all
elements in S.

Definition 3.5. The X /G is the quotient space of X created by identifying x ~ gx for
all ¢ in G. Elements x € X /G represent G(x), hence the terminology. The quotient map
mt: X = X/G is natural.

Definition 3.6. The isotropy subgroup (denoted Gy ) of G for a point x is the collection
of elements in G which fix a given x. That is Gy = {g € G | gx = x}

Definition 3.7. A fixed point of X under a G-action is a point x such that gx=x for all
¢ € G. The collection of all fixed points is denoted X°

The previous notion specifically is very important. Fixed points carry a large
amount of information relating to the G-action and its connection to the underly-
ing manifold. Additionally, fixed points sets are important in extending topologi-
cal invariants such as Euler characteristic, signature, and Kervaire semicharacter-
istic.

The above definitions allow us to study the group action in a somewhat global
sense, that is how it acts on the entire manifold. We would like to introduce tools
that allow us to study the local action of the group. The first of these is the twisted
product, defined below:

Definition 3.8. We will now define the twisted product, G xy A. Let H be a compact
subgroup of G and let A be some space which has an H-action. H acts on G x A by
(h,(g,a)) — (gh™', ha). We will denote the orbit space as G x g A. For a point (g,a)
the orbit is [¢,a] = {(gh~', ha)|h € H}. As classes [g,a] = [¢',a'] if 3 h € H, such
that ¢ = ¢h™' and a' = ha. The map a > e, a] defines an embedding A — G xp A.
Additionally, G Xy A inherits a left G-action, by (g, [¢’,a]) — (8¢, 4]
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This definition above helps us give the definition of a slice type. The slice type
at a point describes the local action of G, and how it interacts with the local Eu-
clidean structure. The slice type conveys the information that will be important in
defining equivariant SK-relations.

The definition below is provided by Soren Illman:

Definition 3.9. Let H be a subgroup of G and H-invariant S C X, a smooth submanifold,
with X being a smooth G-manifold. S is a smooth H-slice if G(S) is open in X, and

n:GxgS— G(S),[g ] — gs
is a smooth diffeomorphism.

Lemma 3.1. Let S be a smooth submanifold of X. Then the following are equivalent:

(1) S is a smooth H-slice in X.
(2) G(S) is open in X and there exists a G-equivariant smooth map
r: G(S) — G/H such that r—'(eH) = S.

Theorem 3.1 (The Slice Theorem). Suppose a compact Lie group G acts smoothly on a
manifold X. Let x € X. Then there is vector space V on which the isotropy group Gy acts
linearly and a G-embedding G x g, Vx — X onto an open set which sends [g, 0] to gx.

There are several things to note in this theorem:

e We have already noted in Lemma 2 that the map G/Gy — X;g — gxisa
smooth embedding.

e Recall that G x ¢, pt ~ G/Gy. So the map G/Gy — X extends to an invari-
ant neighbourhood of G/G, in G X, Vy viewed as a zero section.

e The slice theorem implies that there is an equivariant diffeomorphism from
G X, Vy toitsimage in X.

e Note that this image in X contains the orbit of the point x, G(x).

e One way to describe what a “slice at x” is, is as the image of {e¢} x Vi in
X. Exercise: Why does this description match the definition of slice given
above?

Now, where does this vector space Vy come from? To understand this, we must
first understand the idea of a representation. A G-action on a vectorspace V can
be “represented” by a group homomorphism ¢ : G — GL(V), where an element g
determines a matrix transformation on V. Such an action is called a representation
of V. A subrepresentation of V is a subvectorspace which is also closed under the
G-action. All representations can be decomposed into a direct sum of irreducible
subrepresentations (unique up to isomorphism). In this way, any representation
can be broken up into two parts: the subrepresentations with trivial action and
the subrepresentations with non-trivial action. [Smi]
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Now by [Bre72], we have another phrasing of the slice theorem, which states
each point in X has a Gy-neighborhood Uy, which is topologically homeomorphic
to R". This then gives a Gy representation on Uy, which as we discussed above,
can be decomposed into R? & Vy, where {0} is the only fixed point of V. The sub-
representation V, carries with it all of the information about the G, action. Then
the twisted product G x, Vi then gives all information relating to the G-action
locally. This notion intuitively defines the slice type at a point x. The slice type is
the conjugacy class of Gy and its representation ¢ : Gy — Vy. The slice types en-
tirely determine the local structure of a G-manifold, as by the slice theorem above,
each point has some neighborhood described in this way.

We now have sufficient material to begin discussing equivariant analogs of the
topics discussed in Section 2.

4. EQUIVARIANT SK

The idea of SK-equivalence and bordism can be extended to the equivariant
case. The notions generalize as expected, with a few modifications. To start with,
we will disregard orientation and focus on the non-oriented case. The notion of
an oriented G-manifold complicates matters significantly, as the orientation is (lo-
cally) determined by a small neighborhood around a given point. The G-action
must then respect the orientation locally, and this would be reflected in the twisted
product and the slice type. Oriented results will be presented in Section 5.

First consider the collection of n-dimensional G-Manifolds M&[G]. To produce
equivariant SK groups, denoted SK$[G], factor all G-manifolds the cut-paste re-
lations described above, with the added condition that the diffeomorphisms are
now G-equivariant. The SKK{[G] groups are defined with the same added con-
dition. To generate equivariant bordism groups, which we will now denote by
M, [G], factor M [G] by the G-cobordism relation, which says that two manifolds
are G-cobordant if they are the boundary of an (n 4 1)-dimensional compact G-
manifold. We additionally ask that the manifolds and bordisms have no isolated
fixed points, which we will call a nice bordism after [WW88], and will be denoted
with Q)5 or 915,. One can then ask if all of the above exact sequences carry through
to the equivariant case, and if they do, can a splitting be constructed to deter-
mine all such equivariant SK and SKK invariants, as was the case for the non-
equivariant sequences. We then have the following theorem.

Theorem 4.1. For G of odd finite order, the below sequences are exact, with surjections
defined by factoring with equivariant SK and nonoriented nice cobordism relations:

(4.1) 0 —— I9[G] — SK9[G] —— SK.[G] —— 0
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4.2) 0 —— FO[G] —— M2[G] —— SK[C] —— 0

(4.3) 0 —— I'Y[G] —— SKK9[G] —— M2[G] —— 0
where, 19[G], FO[G], and I'Y[G] are equivariant analogs of 19, FO, and ' and are
defined later.

4.1 and 4.2 are (implicitly) proved in [Har04], and 4.3 is proved in [WW88].
These will be proven by adapting the non-equivariant proofs to the equivariant
case. To successfully generalize the non-equivariant case to prove 4.1 and 4.3, we
need to develop the idea of G-surgery.

The notion of surgery in the classical sense involves removing part of the man-
ifold diffeomorphic to Sk x D"~ and gluing along boundary the complimentary
DF1 x §"=k=1 e must now take this idea and convert it to an equivariant set-
ting, such that the surgery operation respects the G-action on the manifold. To do
this we must define suitable notions of the disk and the sphere for G-manifold.
Let V be a vector space, and let G — GL(V) be a representation of V.

Definition 4.1. The unit disk in the representation D (V) is a G-invariant unit disk
inV,D(V)={v e V:l|v|]|) <1}. The unit sphere in the representation S(V) is
a G-invariant unit sphere in V, S(V) = {v € V : ||v||) = 1}. Note that the dimension
of S(V) will be dim(V)-1.

In this way, a G-surgery can be defined. Given an n-dimensional G-manifold,
let ¢ : G xg (D(V®RF) x S(RT)) — M, be a smooth G-embedding onto a G-
invariant regular submanifold of M, with p + g = n — dim(V) 4+ 1 Then the man-
ifold M’ obtained from G-surgery on M is defined in the following way:

M =M\ ¢(G xy (D(VERP) x S(RT))) UG xg (S(V@RP) x D(R7))

Now that G-surgery has been defined, we may now sketch the proofs of 4.1 and
4.3.

Proof of (4.1) and (4.3). A nice G-bordism L is obtained from G-surgery by taking
M x [0,1] and performing the surgery on M x {1}. For finite G, G-bordisms are
all given by a sequence of G-surgeries, which is analogous to the non-equivariant
case. Then Lemma 2.3 still holds equivariantly, and we see that the difference of
any two SK,[G] (or SKK,,[G]) equivalent manifolds is Y(—1)'[G x g S(V; ® RP*1)],
where each summand comes from a single surgery step. Then the kernel I9[G] is
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the collection in SKZ[G] of all [G x g S(V; @ RPH)] gy (g and 1'9[G] is the collection
in SKK[G] of [G x 1 S(V; & RF™)]|skkig)-

In this context, we can say that IS and I’ S can be defined:

I,[G] = {[G xy S(V; © RPT7)]sx (5 |All Representations V;}

I,[G] = {[G x 1 S(V; ® RPT7)] sk G| All Representations V;}
where p 4+ g +dim(V) =n+1 O

This proof is only explictly given in [Kom87]. In [Har(04], the kernel of the
surjection is computed, and no exact sequence is given. Here, Ker(SKQ[G] —

ﬁf [G]) = I9[G] = 25K, [G] for even dimensions and 0 for odd. It is to be noted
that this alternative formulation of the kernel only holds when the non-oriented
cobordism relation is imposed, as here, each class is its own inverse via the trivial
bordism, and so this suffices as the only relation.

For 4.2, [Har04] once again does not explicitly give the exact sequence. How-

ever, he does compute and characterize Ker(0,[G] — S_KS[G]) as a subgroup of
9,[G]. Once again, we may examine the nonequivariant proof to find an illumi-
nating route for the equivariant case.

Proof of (4.2). Using the construction in the non-equivariant proof, we see that
there is an analog to a mapping tori in the equivariant setting, that is G-manifolds
which fiber over S! whose action permutes within fibers. We can see this as under
the bordism construction, the G-action acted trivially on the interval, and so for
the [1/3,2/3] subinterval, the G-action on T(@y~!) will act only on the fibers
dN. Thus the difference of any two SK,[G] classes of manifolds up to cobor-
dism will be these equivariant mapping tori. That is to say, [M]yig) — [N]njc] =
[T(¢~")clng)- This gives Ker(M,[G] — SK,u[G])C F,[G]. Additionally, all such
fiberings over S! take the zero class in SK,[G] under equivariant cut paste rela-
tions by the same argument in as in Lemma 2.1. Then we see all such fiberings
entirely describe the kernel of the surjection. O

We can also define an equivariant notion of Euler characteristic and Kervaire
semicharacteristic. Let M be an n-dimensional G-manifold, and let L be some
subgroup of G with representation ¢. Then we define the equivariant Euler char-
acteristic of M, x%(M), to be the classical Euler characteristic on the fixed point
set of M under the action L with representation o. That is to say x%(M) = x(ML).
The same holds for Kervaire semicharacteristic k. Additionally, as this is defined
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in relation to the classical construction, the classical properties hold, such as the
additive structure, and that x5 (M) = 0 for closed odd dimensional M.

4.1. Notes on the Non-Oriented Case. The non-oriented case introduces several
interesting results. First, we have a result from [Kom05], that if [M]sx = [2x]sk,
then M is cobordant to some G-equivariant fibering over S'. We can see this quite
easily now that the proper kernels have been identified. Clearly [2x|skig

[O]ST[G}' as under the non-oriented cobordism relation each element is its own
inverse. As the map is well defined [M]sk(g) — [0]sg(g)- However, as the square

MO[G] —— SKQ[G]

| !

M,[G] —— 5K, [G]

commutes, [M]yg] — [O]ST[G}' and thus M € Ker("G] — SK,[G])= F,[G], and

thus is cobordant to a G-fibering over S1. This proves the result in [KomO05].
We would also like to perform a sanity check as we saw that [M]sk(c) — [0l5, g}/

but [M]sk(c] was not explicitly a sum of spheres of representations . Thus we
would like to confirm [M]sk(q) = L[G xu S(V)]sk(g) as [M]sk € In[G]. This can
also be easily seen by examining the result in [KKNO73, pg. 57] which gives the
explicit inverse of an (oriented) SK-class [N|sk.

[N]sg = [=NJsk + x(M)[S"]sk

This result also carries over under equivariance. Here [x]S_I}[G} = [—x]skig

0= [x]+ [x] " = [x] + [-x] + }[G xu S(V)]
However, when forget orientation(as recall this is the non-oriented case), [x] =
[—x], and thus
0=[2x]+) [GxuS(V)]
[2x] = =} [G xu S(V)]

and we see that [M]gx(c] was some sum of unit spheres of some set of representa-
tions.
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4.2. Equivariant SKV. Such a generalization is defined in [Pre80] in the obvi-
ous way. The SKV relation above is now defined using G-manifolds and G-
equivariant gluing maps. Additionally, we also define an F-free G-manifold. Let
F be a family of subgroups of G such thatif K C Hand H € F,thenK € F. A G-
manifold is F-free if all Gy are conjugate to some member of F. The SKV groups
are be denoted by SKV,[G, F], and similarly for bordism. We also ask that we
have the notion of a nice cobordism defined above. The results in [Pre80] present
an analog to Equation 2.7 for the equivariant case, namely:

SKV,|[G, F] n even

(4.4) SKKq (G, F] = {SKVn[G, F] @ Eu[G,F] nodd

where E, |G, F| generalizes the Z; torsion term in equation 2.7. To define E, |G, F],
we must first study why exactly the Z; term appears in the first place. To study
this, we must examine the Kervaire semicharacteristic amd other invariants. As
described above, non-equivariant SK class is entirely determined by Euler char-
acteristic and signature invariant. SKK class is determined entirely by bordism
and Euler characteristic in all cases except n = 1 (mod 4). In this case, the Ker-
vaire semicharacteristic determines another invariant that induces a splitting on
SKK. If E,[G, F| is meant to generalize this torsion, then it must in some way
relate to the equivariant notions of Euler characteristic and Kervaire semicharac-
teristic. To do this, we define an equivalence relation on M, [G], which states that
M ~ M if x§ (M) = x&(M")and kG (M) = kS (M'). The group obtained after the
Grothendieck construction is then E, [G].

5. RESULTS

First, we present exact sequences for the oriented, equivariant case. This can
be done by asking that our G-actions are globally orientation preserving, and that
our gluing maps are orientation preserving, equivariant diffeomorphisms.

Theorem 5.1. For G of odd finite order, the below sequences are exact, with surjections
defined by factoring with equivariant SK and oriented nice cobordism relations:

(5.1) 0 —— I,[G] —— SK,|G] —— SK,[G] —— 0
(5.2) 0 —— F,[G] —— Q2[G] —— SK,[G] —— 0

(5.3) 0 —— I'y[G] —— SKK,[G] —— Q2[G] —— 0
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where, 1,[G], F,[G], and I',[G] are equivariant analogs of I, F,, and I',,.

Proof. The proofs of these follow using the same arguments for the non-oriented
cases, with the added condition that the G-action and gluing diffeormorphisms
both preserve orientation. We note that the proving the exactness of each sequence
above does not depend on either the orientatedness or non-orientedness of the
manifolds we are working with. O

Now, we have also constructed an equivariant analog of the sequence from The-
orem 2.3, for both the oriented and non-oriented case. But first we must present
several lemmas.

Lemma 5.1. If M and M’ are SK[G|-equivalent 2k-dimensional G-manifolds, then xG (M) =
xS (M) = x$(Y), where Y is the bordism constructed in the proof of 4.2.

Proof. The first equality holds immediately, as x$ is an SK[G] invariant. Then let
us consider the bordism Y as pictured in Figure 5. We partition this space into
two spaces A and B, where A is the portion of the bordism along [0,1/2 + €]. B
is the complimentary portion of the bordism along [1/2 — €, 1]. Using the addi-
tivity of x&, we see x5 (Y) = xS (A) + x5 (B) — xS (AN B). We see that x$(A) =
x5 (M) via retraction along the interval and compatibility with the equivariant
gluing, and likewise for x$(B) = x$(M’). We can see that ANB = N+ N/,
so xS(ANB) = x$(N) + x$(N'). Then by replacement we see that x5 (Y) =
XS (M) + xS (M) — (xS (N) + xS (N")). Now, let us examine x5 (M). Partition M
into Ni; and N{;, where these are N and N’ each with an added collared neigh-
borhood around the gluing at 0N. Then we see that these allow us to simplify
as follows: xS (M) = xS (N) + xS (N’) — x$(0N). Then by substitution and can-
cellation again we find that xS (Y) = x$(M') + x5(dN). Now N is a closed,
odd-dimensional, G-manifold, and thus x$(dN) = 0, so we have that x$(Y) =
x5 (M’) and so we are done. O

A second proof is also presented:

Proof. For this proof, once again let Y be the bordism as described in Figure 9. We
construct the double 2Y by gluing via identity along boundary of two copies of
Y. This is a closed 1 4 1-dimensional manifold. Then, by using collared neighbor-
hoods around each copy of Y, we get & (2Y) = 2x5(Y) — x5 (9Y). As9Y = M +
M+ T(pp1) e, we get xS (2Y) = 226 (¥) — (xS (M) + xS (M) + xS (T(py1)c))):
As [T(ep~")c))skic) = [0]skia) X5 (T(¢yp~")g)) = 0. Additionally, we also have
xS (M) = x$(M') so the above simplifies to x5 (2Y) = 2x5(Y) — 2x5(M'). As
noted above 2Y is a closed 7 + 1-dimensional manifold, and so x5 (2Y) = 0. This
gives 0 = 2x7 (Y) —2xg (M) = x&(Y) = x3 (M) O
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FIGURE 8. Partitioning the bordism of SK Equivalent Manifolds

FIGURE 9. The Double of a Cobordism of SK-equivalent Manifolds

Lemma 5.2. [,[G] = I,[G], where
I,[G] = {[G x 1 S(Vi)|sk(q)| All Representation V;}
I,[G] = {[G xu S(Vi)]skk(g)| All Representations V;}

Proof. First note that this map is a surjection, as assigning SK[G] class is a quotient,
and both groups are generated by the same representatives in M, [G]. Now, we
must show the map is injective. Take two classes of I, [G], [S1]skk[c] and [S2]skk[c)/
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such that [S1]sk(g) = [S2]sk(c)- Now, if we look at the equivariant Euler character-
istic of both manifolds, by the prior lemma x$(S1) = x$(S2) = x$(Y). Secondly,
as [S1]skk and [S2]skk are both in I}, [G], and so by the exact sequence 4.3, they both
take the zero class in ), [G] . Then we may use [WW88, Lemma 4.2 and Theorem
1], which states that if [M]q, ] = [M]an,[g) and x5 (M) = x$(M') = x&(Y),
where Y is the bordism between M and M’ then [M]skk(c] = [M']skk(g]- S0 now
we see that if [Sl]SK[G] = [SZ]SK[G] and 51,5, € I,Q[G], then [SI]SKK[G] = [SZ]SKK[G]/
which proves injectivity, and so we have an isomorphism.

Using the above proofs and mimicking the proof of 2.9, we arrive at the follow-
ing theorem.

Theorem 5.2. The following sequence is for n even in the oriented case and for all n in
the non-oriented case.

(5.4) 0 —— F,[G] —— SKK4[G] —— SK4[G] —— 0

As in the non-equivariant case, this is a consequence of the below braid com-
muting for n even in the oriented case and all # in the non-oriented case.

T TN

I,[G] SKqu[G] 0
SN 7N N
(55) ¢ SKK4[G] SKu[G] 0
NN NS

E,[G] 05[C] 0

Note that once again, we encounter issues of torsion for n =1 (mod 4). Addi-
tionally, the n = 3 (mod 4) case has become more interesting, by the introduction
of torsion in this dimension. In the context of SKV|[G], we can now present an
analogous result in all dimensions.

Theorem 5.3. The below sequence is exact for both oriented and non-oriented manifolds
and all n.

(5.6) 0 —— F,[G] —— SKV,4[G] —— SK,[G] —— 0
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We see this is exact once again by noticing that the below braid commutes.

/\/\

/\\/ﬁ\\/\

(5.7) SKV,[G] SK,|

\/\ /"\/

\_/\/

It is also worthy of note that the notions of nice equivariant bordism and equivari-
ant bordism (without the fixed point condition) agree for even dimension, but do
not agree for odd dimension, which suggests future work to study.



26

[Bre72]
[Har04]

[KKNO73]

[Kom87]
[KomO5]
[Pre80]

[Smi]
[WW8S]

BEN RILEY

REFERENCES

Glen E. Bredon. Introduction to compact transformation groups. Academic Press, New
York-London, 1972. Pure and Applied Mathematics, Vol. 46.

Tamio Hara. On G-fiberings over the circle within a cobordism class. Kodai Math. |.,
27(1):30-44, 2004.

U. Karras, Matthias Kreck, W. D. Neumann, and E. Ossa. Cutting and pasting of mani-
folds; SK-groups. Publish or Perish Inc., Boston, Mass., 1973. Mathematics Lecture Se-
ries, No. 1.

Katsuhiro Komiya. Equivariant controllable cutting-pasting and cobordism with vec-
tor fields. Publ. Res. Inst. Math. Sci., 23(1):183-194, 1987.

Katsuhiro Komiya. The divisibility in the cut-and-paste group of G-manifolds and fib-
ring over the circle within a cobordism class. Osaka J. Math., 42(1):233-241, 2005.
Kenneth ]. Prevot. Modifications of controllable cutting and pasting. Houston J. Math.,
6(4):565-575, 1980.

Karen E. Smith. Groups and Their Representations.

Stefan Waner and Yihren Wu. Equivariant SKK and vector field bordism. Topology
Appl., 28(1):29-44, 1988.



= 0o =
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ABSTRACT. This report concerns the volume of spherical and hyperbolic simplices. We will
first give some brief introduction to the general background for this report. We then present
two simple findings, one on a restatement of an iterated integral formula for n-simplices
by Aomoto and another on an alternate proof of a determinant formula for 2-simplices by
Tuynman. Then we will present some developments on volume power series. Lastly we will
discuss some work on the volume of ideal hyperbolic simplices and future direction.
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1. INTRODUCTION

We study the volumes of n-simplices in the spherical and hyperbolic spaces S* and H",
which are of constant curvature Kk = +1.

THE SPACE: As sets, we have
S" = {zr € R"™! :x%+---+mi—l—mi+1:1}
and
H' ={z eR" 2]+ - +a2—a2 ,=—1, x4 >0},
so that S" is the surface of a sphere in (n + 1)-space and H" is the upper-half sheet of a
hyperboloid in (n + 1)-space’. Geometrically, these two sets will inherit a metric structure

from the ambient space; for example, the volume form on S™ is the volume form on R"*!
restricted to the surface of the sphere. We equip S C R*™! with

1
(T y) =21 + -+ Tpln + Tps1Yn = at 1 Y
1
(which we may sometimes refer to as (-;-), ) and H* C R"*! with
1
(Ty)_ =21+ + Tl — Tpg1¥Ynss = T 1 y.
-1

We will denote this bilinear form matrix by

K
Recalling that wy; = ), u; * da;, where u is the vector (plus-or-minus-)unit and normal to
M with respect to the appropriate bilinear form, note that
1 n+1

S (1) gy A Adag A A da

1=1

Wyl = ————
I Y
is the scale-invariant volume form on both S™ and H".

It is a fact that geodesics on these two spaces are traced out by their intersections with hy-
perplanes passing through the origin (i.e. hyperplanes defined by linear forms). In particular,
the distance between two points on these two spaces is given by

cosd(p,q) = (p; q) on S",
—coshd(p,q) = (p;q).  on H".
IThere are many other models for hyperbolic space, but this one will be most extensively used. The Klein

projective model will be very briefly touched upon later.
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THE SIMPLEX: An n-simplex is defined to be the convex hull of n + 1 points. To avoid
degenerate cases, we require that not all of these n 4+ 1 points lie on a totally geodesic
submanifold (i.e. a copy of S"™! or H"™!, up to scaling in the latter case). The n-simplex
can alternatively be formulated as the intersection of a “cone” with the space (either S”, H",
or the Euclidean n-space

E":={z e R"" 1 2,,, =1}

sitting inside R™™!) as follows: Let Fy,---, F,;1 be linear forms (such that the hyperplanes
they define are distinct) which define the spaces H; = {x : F;j(x) > 0}. The intersection
of these spaces N H; forms a cone C. The intersection C' N'S™ or H" or E" will give,
respectively, a spherical or hyperbolic or Euclidean simplex.

We now give some examples of spherical and hyperbolic 2-simplices. Note that the
geodesics are, in fact, intersections with hyperplanes.

A D i
RN
> L e

u
uf
A hyperbolic 2-simplex in many different models, most notably the hyperboloid model in the

top left, which we focus on.
3



Fig. 4

Note the intersection of the cone with the hyperboloid in the bottom right.

CONSTRUCTIONS: Let A be an n-simplex determined by the vertices py, -, pny1. We
construct the (inward) normal unit vectors {u;}; as follows: for each i, consider all the
vertices except p;. These n points determine a hyperplane passing through the origin, and
this hyperplane has a unique unit normal (with respect to the appropriate bilinear form)
vector pointing into the simplex. Let this vector be u;. Note that this construction is dual
in the sense that given {u;};, we can also reconstruct {p;},.

We can then define

T 1 T - T
P=1p ~ Por1], U= {ur o Unp |,
[ o !

which we use to define
G :=U'QU, L = P'QP,
the Gram matriz and the length matriz respectively. Note that both G and L are symmetric.
The entries of G are (u;; u;), while the entries of L are (pi;p;)g-
We then define the dihedral angle between two faces F; and Fj to be 0;; = 0;; = 7 —
ang(u;, u;), so that G is of form

1 —cos 0;;
G =
—cosb;; 1
Note that the choice ;; := 7 is consistent with the unit length of the normal vectors®.

2It should perhaps be noted here that in the hyperbolic case, although (p;;p;)_ = —1, the u;’s actually
lie on the de Sitter sphere, which gives (u;;u;)_ = 1. So there is more going on beneath the surface here
than it would appear, and for a more careful treatment we refer the reader to Peiro’s treatment. Perhaps it
is better that we speak less of that here.
4



Due to the distance formulas stated earlier, we have that L is of form

1 cos lj;
L= in S",
cos lj; 1
-1 — cosh [;;
L= in H",
—coshlj; -1

where [;; = [;; is the edge length between the vertices labeled by 7 and j. In particular note

1 cos(v/k li;)
kL = :

cos(v/k ;) 1
Before giving further properties of these constructs, let us quickly define some matrix

Set
notation. Let M € Mat,,. For I,J C [n] define M7 to be the matrix given by taking the
rows indexed by I and the columns indexed by J, and similarly let M\\f be the matrix given
by taking the rows indexed by [n]\ I and the columns indexed by [n]\ J. We will abbreviate

singleton notation, so that M \. refers to M\\{{% We abbreviate Mﬁilﬁ to M I“

One can imagine that not all symmetric unidiagonal® matrices correspond to snnplices (c.f.
triangle inequality). However, Luo and Milnor found necessary and sufficient conditions for

Gram matrices to correspond to simplices.

[ Theorem (Luo).

In S", given a set of angles {0;; = 7, 0;; € (0,7)} 2

i7Z1, there is a spherical simplex A with

those dihedral angles if and only if G = {—cos 0;;}'/2; is: (i) positive definite.

In H", given a set of angles {6;; = 7, 6;; € (0, ) Zj:ll, there is a hyperbolic simplex A with

those dihedral angles if and only if G = {—cos;;}/2; has: (i) determinant det G < 0, (i)

all principal submatrices positive definite, and (i) all 4, j-th cofactors (—1)"* det Gi; > 0.

In E™, given a set of angles {6;, = m, 6;; € (0, ) ;‘;;11, there is a Euclidean simplex A with

those dihedral angles if and only if G = {—cos0;;}'/2; has: (i) determinant det G = 0, (i)

all principal submatrices positive definite, and (iii) all 4, j-th cofactors (—1)" det Gi; > 0.

The last result is perhaps less relevant than the first two, but we include it for completeness.
Note that we then have sgndet G = det ) = k.
Define

T = {<pi§uj>Q ?;rzlp
we then have the following two facts, which are well-known in the field and for example

noted in a paper by Murakami and Ushijima.

3Meaning having all diagonal entries of 1.



Theorem. In S” and H",
G=TL'T, L=TG'T.

Proof. Recall i # j = (u;;p;) = 0 by construction, so T" is diagonal. Then

— w — 1 T o1 (u1;p1)g
— Upp1 — K Lo <Un+1;]9n+1>Q
— U'QP =T

— QP=UY'T, PIQ=T'U"'=TU™"
— QP=UNY'T, PP=TU'Q

— PIQP=TU'QUNHY'T =T(U'QU)™'T
— L =TG'T,

which proves the claim, as L = TG 'T <= T 'L =G 'T < L7'T =T7'G +—
TL T =G. [ |

Note that the above theorem implies sgn det G = sgndet L = k, provided det T' # 0. The
matrix 71" is characterized as follows:

[ Theorem. In fact,

( > rkdet G det L
Piiti)g = K =
det G} |/ det L\’
SO moreover
rdet G det L
det G\ det L
T=k =
rdet G det L
\n+1 \n+1
det G\n+1 det L\n+1

We also have
. (—1)i* det G\
L= KCOS(\/Elij) = J

) (—1)i* det L’
\i \j’
\/ det G\Z. det G\j

/ \i \j
det L\i det L\j

Proof. ‘Before starting, we state two matrix identities which will be helpful (and which will
be stated again later for completion):

G, = —costy =k

0ijdet M = (=1 "M det M\ = >~ (=1)"™# M det M,”",
pn=1

p=1

“Before starting the “before starting”, perhaps it should be noted that I was unable to find a proof (or
an entirely precise statement) of the above fact and had to craft an argument myself. Clearly this is a fact
well-known in the field (and in fact stated in different forms in several different papers), but in my opinion
the proof is perhaps not entirely obvious and lacking from the literature.
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det M.
det(M YL = (=1 |1|1+\J|1—\I
€ ( )J ( ) detM
where |I|; ==, ;i (as opposed to |I|o = |I| = .., 1).
There are four equalities to prove. Recall the duality of p and w.
Given {u;}, consider

j=1

(D) det Gl
V/det G| - det G\’

Observe that by Luo the denominator is real. This {v;} has two properties: that

ViU, = 17" det GV det GV (u i uy,
< Jo= det G\Z |det G| ]Zk;[; v vl sl
1 n+1 ‘ n+1 ) '
= N (1) et G S (1) G det GV
det sz |det G| le v ; : W
1 n+1 '
. — 1)/ det G\6;; det G
" det G\l|detG\ Z( .
= —————— det G\ det G
det Gy; |det G|
=sgndet G
= K/’

so it is of (plus-or-minus-)unit length, and that i # j —

nHL (1)t det GVC

<ui;vj)Q = ui§uk>Q

1 \/det G |det G|

n+1
1

\/det Gij |det G| k=1
B 1

\/det Gi; |det G|
= 0.

(—1)**G} det G\

5ij det G

These two properties imply that {v;} = {p;}, and the last calculation above incidentally

gives
( > kdet G
UisPi)g =K |
@ det Giz
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which proves one equality. In addition, note that since L = TG'T, we have

DI

(—1)+ det G\
= z;wz:csiu@i%uu)c) det & 5Vj<pu;uj>Q

i+j \i
(—1)"*7 det G\j

= piw)g——q g Piwlg
kdet G (—1)"7 det Giz kdet G
detGl  detG "\ detGY
1) det G\Z
\/ det G\Z det G\]

which proves another equality. It remains to prove two more.
This time, given {p;}, consider

S (1) det LV,

1=

V; = -
\Jdet L - det L\

First we must justify the denominator being real. Note G = TL™'T = G; =3 >, Ti(L )T} =
THL YT = (TH*(L™Y)E but G =1 > 0, which implies (L7!)! > 0 = det L - det Liz =
det L-(—1 )2|\Z|1M (det L)*(L71)i > 0 = det L-det Lsz > 0. So the denominator is

in fact the square root of a positive number, which is real. This {v;} has again two properties:
that

(vi; v;) 17 det L\Z det L\ (D53 Pk) g
@7 et LEZ det L %;{% ’
] nt1 N Wi - y
= ————— > (1P det L)) Y (=1)"*F L] det L,
det Lii ~det L 54 =
1 n+1

=Y _1\it+i \i¢

= ————— det Ly;det L
det L\i -det L

=1,



so it is of unit length’, and that i # j =
n+1 (_1)j+k det LV@

Piivi)g =Y = (pisPr) g
k=1 1/ det L\; -det L

1 n+1 ' . )
- (—1Y** L} det L)

= (5ij det L

\/det Li; -det L

=0.
These two properties imply that {v;} = {w;}, and the last calculation above incidentally

gives
( > det L
PisUi)o = | >
@ det Liz

which proves another equality In addition, note that since G = T LT, we have
- > SR

(—1)#+ det L)"
= Z Z(Siu<pi§ u,u)Q det 61/]' <pu§ uj)Q

(=1)*7 det L\"

(i i) Q Jot L v <pj3uj>Q
 [detL (~1)detL), [detL
- \/ det L\’ det L det L))
1)"7 det L\z
=K
\/det Liz det sz
which shows the last equality. This finishes the proof. |

5This is strictly positive one and never negative, which again reflects the fact that in the hyperbolic case
the unit normal vectors lie on the de Sitter sphere. Of course in the spherical case it is of positive length.
But enough of that.
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2. ON AN ITERATED INTEGRAL FORMULA

We investigate an iterated integral formula for the volume of a simplex given by Aomoto
and modified by Kohno. For a more thorough exposition we refer the reader to Kohno’s
(perhaps dense) survey.

PrEVIOUS WORK: First we give some notation. For a simplex A, let its faces be labeled as
Fi,-- Foq. Let I} C -+ C Ij,2) be a sequence of index sets of size |I,| = 2k. For I, we
define 6}, to be the angle between the two faces labeled by I, and for each I} = I, U{a,b}
we define 7, 7, ,, to be the dihedral angle between F, N(),., F; and F, N ﬂielk F;:

1€y,

HIkHIIﬁLl = ang<Fam ﬂ Fi, F, N m Fz)

i€l i€l

When the context is clear we may suppress 07, 7, ., to 8;, ., ; that is, we let I, contain all
the information about its predecessors. We'll also denote Ay, = (¢, F;.

We can then think of 0, as a function on the space of Gram matrices, or the space of
“configurations”, so to speak. We recall a result from Aomoto (and rewritten by Kohno)
which expresses the differential of this function:

[ Theorem (Aomoto).

\/det Gl det G

dOr—10tamn (G) = dtan™t
I—-TU{ ,b}( ) det Gﬁ:z

Recall the Schlafli differential equality:

Theorem (Schlafli).
1

n—1

kdvol,(A) = Z vol,_o Ay, dby,.
I

Kohno then uses the above to give the following theorem, which was first stated for odd n
by Aomoto. Before stating it, recall that the iterated integral fI dp Wk o wy for 1-forms w;
on the space I' of matrix variables « is defined as follows: First we integrate fI dnr We(7)
to get a function fi,(M) on I of the endpoint M, and then we integrate [;, . fe(v)wi—1(7)
to get another function f_;(M) of the endpoint, and so forth and so on, until we reach a
function fi (M), which is then defined to be the value of the iterated integral. Note that the

ntl
iterated integral is a function of its endpoint. Recall vol,,(S") = % and (—1)! = 1.
2
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[ Theorem (Aomoto, Kohno).

n/2
k2 VOl (A(G)) = oo + D Cok D / oy, --- déy,,

k=1 I; DD ld—G

where
(n — 1 —2k)!'vol,,_o;,(S"~2F)
B P 1] on1-2k

If & ¢ Z, the last term is not immediately well-defined, so we clarify as thus: the sum is
defined to have LgJ = m many components, i.e. for k = 1,2,---,;m — 1,m + 0.5. For

k =m + 0.5 the summand is defined to have integrand
V011<A]m) dﬂ]m cee d9[1,

| and the chain of index sets summed over is I,,, D --- D I;.

Proof. To give a full proof here seems too ambitious, and in any case we refer the reader to
Kohno’s paper for the full (perhaps flawed?) proof. Kohno states the above formula in a
slightly different form, which I am fairly certain is not entirely correct. The rough idea is to
iterate using Schlafli’s formula in the spherical case and then extend to the hyperbolic case
by using the analyticity of the volume-corrected curvature, x(vol, A)%. To give an example
of the first steps of the proof in the spherical case,

1
dvol, A(G) = — > voly_a Ay, dby,

n—
11

dvol,, A :/ vol,—o Ay, dbp,

/Id—>G ) d—G v — Z 2on T

vol,, A(G) — vol,, A(Id) vol,_o Ay, dbp,

Id—G
vol,, S 1

R ) /quc vol, » Ay () dfr, (+):

however, we can also use the Schlafli equality on vol,,_5 to obtain

vol,,_o Sr—2 1

2n—1 n—3
I2:15D14

VOln_Q Ah (G) =

/ vol,—a Ar, () dOr, (7),
d—G

and so on for each vol,,_9,. After substituting all these we obtain the desired result. It is
important to observe that, for odd n, this sequence of steps of expressing smaller vol, o
terminates with a vol; term, which cannot be broken down further by Schlafli; hence the
sum defined up to n/2 for odd n in the statement above.

Aomoto and Kohno then each use an analytic continuation argument to extend this to
work in the hyperbolic case. For this step the reader may peruse their papers. |

MATRIX IDENTITIES: Next we recall some facts from linear algebra.
11



Theorem (Jacobi).
det M det M9 = det M. det MY — det M. det M. |
\ij \i \j \J \¢

Note that in the case of symmetric M the above becomes det M det M\\ZJJ = det M\\Z det M\\]J —
(det M\)*.

[ Theorem (Laplace).

0ij det M =" (=1 "M det M\ = >~ (=1)"™# M det M,
p=1 p=1

[ Theorem (Generalized Laplace). Fix I C [n]. Then

det M = Y (—1)Zier2iesd det M det M.
J1J1=1]

[ Theorem (inverse).

det M,/
det(M N = (—1)2ier i+, Jj—\l_
i o 7

Now let A, B € Mat,,xn,.

Theorem (product). Fix I, J C [n| with |I| = |J|. Then

det(AB)) = > det Aj det BY.
K| K|=[1]=1J]

REsuLT: We present our first simple finding.

[ Theorem. In terms of the length matrix L we have

\I \Lab
o \/ det L] det L\

dGI_,IU{a,b}(L) = dtanfl (—1)

det ng
Proof. We compute. For ease of access recall
det G det GT
db; . Gsan (G) = dtan™! —\/ -
r-10{ab} (G) det GT

12



We want to substitute G with L. Compute:
det Gf = det(TL™'T)f = > det(TL™")} det T/;
JilJI=(1

but since T is diagonal, we have that unless I = J as sets identically, some row/column of
zeros will appear in T/ = det T/ = 0, so we force J = I as all other terms vanish;

= det(TL™ ") det T}

= Z det T4 det(L™Y)] | det T}

JiT=11|
= det T/ det(L™1)! det T

at this point note det 77 = [[,; . /2% from our form for T above and recall det(L")} =
det L\i
‘det L)1 det L\ i
(—1)22ier? Zet = zet 245 recall also that det L and det Lsi are of the same sign;

~ (det L)l det L¥
IT,., det L& det L

det L)I11-1
= —( et L) \,detLS.
[Tic; det L\ﬁ
So
(det L)mil \I

det G4 = -de
i \I’
[Tic; det Lti

which automatically gives
(det L)H+1
det Lsz - det LEZ - [Lic; det Lsz

det L,\1o? (%)

lab
det Gl,a,b = \I,a,b’

Next we compute

deg Gpy = det(TL™'T)pp = > det(TL™");"det T},
Ji|J|=|T|+1
= det(TL™ ")y det T}

= > det7ydet(L7N)], | det Ty

Ji|J|=[1]+1
= det T}y det(L ") det Ty
\1,a
1 (det L)'IH_l _1)a+b+222‘e[i%
det L

\/det L§Z det Liz [Lic; det L§§
13



1 (det L)/

[\Ia
[\“ [\ [ dtL\Zdt
\/det det ier 4€

\I,b’

— (_1)a+b

SO

1 (det L)1 o [V

det GIY = (—1)**? LY. (kk)
" \/det L\a det L\ [Ticr det L\Z e

We can now combine our three starred results together to find

— \/(detL)Il_ det L\ . (det L)1 +1 ot 7\ e

\/det Gideg Gy [T det L\; M det LV -det LYy [T, det Ly \,a.b

det G778 —1)otb (@t LI et 1,110
b (=1) \/detL\“detL\b ITic; det L\ \Lb

\/ (det )21 — - det L\I det L\l

a 0 Iab
det L\-det L)} (Hieldet )’ \

" att et )" Ta
(1) \/det L\“ det L\ [Tcr detL\z de tL\“’

1 (det L)1 \/ \I \T,a,b
\/detL\adetL\ [Ticsdet L} dtL detL\Mb

(det L)1 de tL\Ia
\/det L\a det L\l7 [Ticydet L\l \L,b

— ( 1>a+b+1

\I \,a,b
(et L - det L

\1,a
det L\Ib

9

as desired. ]

Since this translation of data does not change the nature of the form df, and since the
iterated integral in question is homotopy invariant (for example c.f. Kohno), we have that

the same formula holds:
14



-Theorem.
n/2

k2 vol,(A(L)) = oo+ > Cuk / 6y, --- dé;,,
k=1 I,>--on Yd—=L
where
(n — 1 — 2k)! vol,,_o (S"2k)
Cnk = (n— 1) ont1—2k
and \ :
det L5~ det L\F-1P
df;, (L) = dtan™ | (—1)*+t \/ \Ik_l\[ a\Ik_b&b
det Lyy,
for Iy = Ix—1 U{a,b}. If § & Z, the last term is not immediately well-defined, so we clarify
as thus: the sum is defined to have L%J = m many components, i.e. for k =1,2,---,m —

1,m+ 0.5. For £k = m + 0.5 the summand is defined to have integrand
VOh(A[m) d@lm cee dgh,

and the chain of index sets summed over is I,,, D --- D I;.

Some remarks on this formula: note that, in terms of the data of L, for odd n the last
integrand featuring vol; A I, 18 easier to express. Note also that whereas for large I the
computation of df;(G) involved large determinants, in terms of the length matrix L this
trope is flipped; in terms of L, larger I gives smaller determinant computations.

15



3. ANOTHER PROOF OF TUYNMAN’S FORMULA

We briefly outline the usage of the relation G = TL™'T to derive Tuynman’s formula,
which states

Theorem (Tuynman). For triangles A € S™ or H", the area is given by
g Vol A |det L|
o ( 2 ) T 21+ rh2) (1 + Fdas)(1+ dgr)
where \;; are the entries of L.

Alternative Proof. Recall the classical formula
volbo A = k(a+ f+ v —m),

which incidentally can be trivially recovered from the iterated integral formula given by
—1)i+9 det L\"
CU A hy oo that

/ \i \5’
det L\i det L\j

). We can then take the cosine of both sides of the classical

Aomoto and Kohno. Recall from the introduction that —cos6;; = &

1)+ det L)'

ij = Cos_l(m -

det Lsz det Ls;
formula:
cosvoly A = cos(k(012 + a3+ 031 — 7))
= —cos(f12+ 023+ 031)
= —cos(012) cos(ba3) cos(bs 1) + Z cos(612) sin(fa3) sin(fs 1)
cyc
1 —cosvoly A =1+ cos(612) cos(fa3) cos(fs 1) — Z cos(612) sin(fa 3) sin(f3 7).
cyc

For what follows, let d := det L, and d;; := det Lsé So

(D)™ dy

cosb;; = K
J
V diidjj
. . diidjj*d?j .. .. .
Given cos 0;;, we can calculate sin 0;; = T. Note that this is positive, as we require
iidjj

0 < 60;; < m. Recall Jacobi’s identity, which gives d;;d;; — dfj = ddet Lsg = kd, where we
observe that the diagonal entries of L are k. This gives

Vid

sin 91']' =

Viudy;

16



We can then compute

1 —cosvoly A =1+ cos(6y2) cos(fa3) cos(bs 1) — Z cos(012) sin(fa3) sin(fs 1)

cyc
1+ K3 (= 1) ] dosdy (=1)1+2dy, Vid  Vekd
\/d11d22 \/d22d33 \/d33d11 \/d11d22 \/d22d33 \/d33d11

(—1)2+3+1d23 V Kkd V Kkd e (—1)3+1+1d31 V Kkd V Kkd .
\/d22d33 \/d33d11 \/d11d22 \/d33d11 \/d11d22 \/d22d337

2
note Vrd = rd and v/di1daz/daodss\/dszdin = kdi1daadss;

diadasdsy  kd(dy2 + daz — ds1)

— 1 — —
d11d22d33 d11d22d33
_ d11d22d33 - d12d23d31 - lid(dIQ + d23 - d31)
d11d22d33 .

At this point we draw L for reference:

Ko A2 Asn oAz A
L= )\172 K )\273 = )\3 K )\1
A31 A2z K A AN K

Observe for example that d; = 1 — A2, dig = kA3 — Mg, daz = KA — A3, and d3; =
)\3/\1 — H)\g.

Given ay, ag, ag, define the symmetric polynomials oq(a) = a1 + ag + as, o2(a) = ajas +
asaz+azay, o3(a) = ajazaz, and So(a) = a3+a3+a3. We suppress 0;(\) = 0; and Sa(\) = S,.
As an example, we write g2(A?) = MAZ + AN + A\2\2.

Now observe the following facts (recall o(a?) = o9(a)? — 201(a)os(a)):

kd = |det L|
=1+ 2ko3 — S,
di1daadss = (1 — A)(1 — A3)(1 — A3)
=1— 5+ 05(\°) — 03
=1— 07 + 209+ 05 — 20103 — 0
= (14 02)* — (01 + 03)%,
—diadazds; = — (kA3 — MA2) (KA1 — AaA3) (A3 — KAg)
= (kA3 — A A2) (KA1 — Aod3) (kAo — A3Aq)
= Koy — 02(\?) + K03Sy — 03,
—kd(dia + dog — d31) = —(1 4 2603 — Ss) (ko — 09),

17



so that
di1daadzs — diadazdsy — kd(diz + dog — d31)
di1daadss
1 — Sy + 09(A\2) — 02 + ko3 — 09(A?) + K035y — 02 — (1 + 2k03 — So)(koy — 03)

1 —cosvolhb A =

(1+09)2 — (01 + 03)?

1 — S =202 + kog + k0352 — (1 + 2k03 — S) (Ko — 09)
(1+02)* = (01 + 03)?

(14 2r0o3 — S2)(1 — ko3) — (1 + 2k03 — So) (ko1 — 09)

(1+09)2 — (01 + 03)2
(14 2k03 — S2)((1 + 09) — k(o1 + 03))
(14 09)% — K%(01 + 03)?
1+ 2k0o3 — S5
(14 09) + k(o1 + 03)

. 2(V012 A) 1 — cosvoly A
= sin =
2 2
. 1+ 2/10'3 — SQ
N 2(1 + Koy + 02 + /‘60’3)
|det L|
n 2(1 + Ii)\1’2>(1 + H)\Q’g)(l + fi)\g}l)’
as desired. [ |

Although tedious, the above calculations offer a straightforward proof for Tuynman’s for-
mula.

18



4. DEVELOPMENTS ON VOLUME POWER SERIES

We give a power series in terms of the length matrix for the volume of an n-simplex
convergent in some of both the spherical and the hyperbolic case. First we explain some
background; then we review some previous work, which we prove in an alternate fashion and
briefly expand upon; then we present our new power series.

The following is well-known in the field.

CONE INTEGRALS IN THE SPHERICAL CASE: Let

1 n+1 .
Wyol = Iz " Z(—l)"lxi dry A Adag A A day g

=1

be the volume form on a sphere (and also a (half-sheet of a) hyperboloid). Note that this is
scale invariant. Kohno and Peiro remark that we have

r"dr Awye = drg A A dagy,

where 7 is defined as r := \/(z;z). This can be checked easily by computation. Then we
have, for a function f such that fooo r™ f(r?) dr converges, the following relation:

VOlI(Aﬂ/OO " f(r?) dr = / f({z;x)) de = Vdet L f(z'Lx) dx (%)
0 C

n+1
R+

where C' refers to the cone formed by the half-spaces intersecting on the surface of our sphere
to form A. To see the former equality, note

/f((x;m))dxl/\--~/\ dxn+1:/r”f(<x;x>)d7“/\wvol
C C

_ [ir”f<r2>dr I
- / : ™ F(r) dr /A e

= VOIZ(AJF)/ " f(r?) dr.
0
The latter equality is a change of coordinates x —— P~ 1z:

f((z;2)) -1 _ f((Px; Pm))
/C |det P1| [det P dz = /Pl(c) det 1] 0@

= / |det P|f(z'PTPx)da
R+

= Vdet L f(z' L) da

n+1
RJr

where we recall PTP = L and det L > 0 for spherical simplices. It is clear that the image of
C under v — P!z is RTPI.
19



In particular, we can choose f(x) = e ®. Recall that

00 nt1
/ Tne_r2d7’:r( 2 )7
0

2

which gives

2v/det L
V01+(A+ nil / —xTLx dz.

Rn+1

(++)

Note that the finiteness of the left-hand side guarantees that the right-hand side converges
for all admissible L. (In any case recall that G is positive definite for spherical simplices and

therefore so is L, so the exponent is strictly negative.) Recall that in the spherical case L
looks like

1 cos l;;
cos l;; 1

CONE INTEGRALS IN THE HYPERBOLIC CASE: A similar formula holds in the hyperbolic
case. The general relation in the hyperbolic case is (again for f such that the left-hand side
makes sense):

vol;(A)/O dr—/f (x;x) = +/|det | f(—=2'Lz)dx (%)

R'n +1
where (-;-)_ refers to the Minkowski inner product (z;y)_ = z1y1 + - + Tp¥n — Tni1Yns1 =
2T Qy, with
1
Q =
1
-1
r then refers to r :== | /|(z;z)_|. Note that on C', which is contained in the upper light cone,
we have (;-)_ < 0, so really r = /—(x;z)_ as far as we're concerned. To see the former

equality, note

/f(—(:v;x)_)dxl/\-n/\dxn+1:/r”f(—<x;a7>)d7“/\wvol
c C

- /:r"ﬂr?)dr [
_ / °° " f () dr /A e

= vol_ (A7) /0 T ) dr.

20



The latter equality also is a change of coordinates x —— P~ la:

f(—(z;2) ) g f(—(Pz; Px)_)
/C detp 1] 40 1'“L""_/P_l(c) decp ]
:/ +lydet.P|f(—:sTPTQP:c)olx
= \/|detL|/ f(=2'Lz) dx
R+

where we recall PTQP = L and det L < 0 for hyperbolic simplices. It is clear that the image
of C under z — P~'z is R
In particular, we can again choose f(x) = e™*, which gives

vol (A7) = 2\ |S§L / dz. (x—)

Rn+1

Note the double minus sign. Recall that in the hyperbolic case L looks like
1 cosh [;;
I = .
cosh lj; 1
Since cosh > 1, the exponent in the integrand is strictly negative.

PowER SERIES: To summarize, we have

Lemma.

2k det L
e e g

F(TLTH) RiJrl

vol, (A) =

Hence to get a power series for vol, it suffices to find a power series for the expression

ot
/ e xTa:dx
+1
RY

in terms of the variables ¢,;, 1 <¢ < j <n+ 1, where
T = )
tji 1

Note t;; = cos <e"1%”lij), where k is the constant curvature of the space. Perhaps this is

better written as t;; = cos(v/kl;;). First we will find such a power series in a manner which
gives an alternate proof for a theorem by Aomoto. In what follows, it should be emphasized
that n;; is a sum index, while n is the dimension of the simplex. We will later also use 7 to

denote the n;;’s; we stress that 77 and n;; are not the same thing as n.
21



[ Theorem (Aomoto). For At € §* ¢ R™**!| the following power series holds around the
origin:

n+1
() = e T (S ™) T S

n;;=0 i=1 1<i<j<n+1

1<i<j<n+1
Vdet L (Ve e zﬁgz N4j —2cos l
2n1“ n+1 Z Z H HH
n;;=0 i=1 1<i<j<n+1
1<i<j<n+1

Alternative Proof. This alternate proof will also provide a sufficient condition for conver-
gence. The idea is to write
1 tij 0 tz‘j
T = =1Id+ =1d+ H,

ot —xte —2t
/ emedZL‘:/ ex’mea}H;tdm7
n+1 n+1
R R

write the second factor in the integrand as a power series, then use Fubini’s to exchange the

order of integration and summation.
Observe that

so that

1<i<j<n+1

o e( >N (2tijxixj)>
- Z — (ZZ — 2251 )

m=0 1<J
=1
=300 3 (5) IIIT 2wy
m:[)m \n| =m 1<i<j<n+1
H Hz(] ( 2tz‘7>n” Zj;éi Nij
=2 el 16
ni; >0 j e i
1<i<j<n+1

H Hi<j<_2tij)nij j£i TVij
:Zﬁ:< [I1L., ! szz )

i

(|77, denotes > > n;;), which gives

1<j

/ e—a:TT:L’dx:/ Z —azfz HHZ<] 2tz] H ZJ;MHU
R+ R\ HHK; p

22




[TTT < (—2t:5)™% H ' D i Mg

5 1S continu-
I1 Hi<j ngj! ¢ )

We now apply Fubini’s theorem. Clearly each e‘xt‘”<

ous in Z. Furthermore we have its absolute value is

e_l«’rm H Hi<j(_2tij)mj H x-zj#i Nij _ e_me H Hi<j (Q‘tij |)n” H :Ezj#i nij
[T1L; nis! ' [TIL.; nij! '

7 7

since z; > 0 on R which gives

/ Z e~e'e [T, (=2t)™ Ha:.zm nij dx
RT—I - H Hi<j nzj‘ ; !

)

0 —|ti]
= e_xuexp —z x| dx
RT_:_+1 —‘tji| 0
1 —|[ti;]
= exp | —z x| dz.
Ri+1 —’tﬂ‘ 1

Fubini’s condition is that this integral is finite, in which case the order of integration and sum-
mation may be switched. It is emphasized here that Fubini’s condition essentially replaces a
convergence radius calculation: as long as Fubini’s condition holds, we are guaranteed that
i e Te — I3 =3[ f (since the exponential power series Y f converges uniformly on
compact sets), and we know a priori that the former must converge, which implies the latter
must also converge. Hence the following Fubini condition is sufficient for the power series to
converge:

1 — |t
exp | —a' z | dz < oo. ()

Ri‘“ —|tjl'| 1

Note that this for example happens when |¢;;| < % Vi, 7, as

1 1
! x:lan?—lZZQxixj
_1 1 " i " i<j
Y ICEE,

1<j
> 0.

It should be noted that ¢;; = k\;;, and that % < 1 = mingeg cosh x, so it would appear this
series might fail to converge in the hyperbolic case. We will speak more of this when we are

done computing the power series.
23



We may then switch the order of integration and summation to obtain

(=2t ) o
/ e—xTTx dr = / Z e—zTa; H Hz<]( J) Hxlzﬂéz i dz
R R\ 5 [T 7!

7

H Hz<] )nij _xtx Zj;ﬁi Nij
2: HH L © [1= dz
i<j T R i

=> F(l 2z n]) [T, (=2t)™
— 2n+1 2 I1 Hi<j nil

where the integral for the coefficient
/Riﬂ H " dz 2”+1 1;[ I ( 2
2vdet L

is a straightforward computation’. For x = 1 this returns (recall volt AT = D) fRn+1 e~ Lo dr)

volt At = VdetL Z H (1 2z n”) IT1Lic,(=2)"
] Lot

as Aomoto claimed’. In the hyperbolic case, we have |t;;| > 1; however, even for the boundary
case t;j = k\;; = coshl;; =1 V4,7, the terms of this series fail to go to zero as |7i|, — oo
(straightforward Stirling calculation), implying divergence. Hence this series only holds in a
subset of the spherical case. [ |

REsuLT: It is a simple modification of the above idea to write

1 1 0 ti;—1
T = " + " =To+ H.

Let the entries of H be denoted n;; = t;; — 1 for sake of brevity®.

6T should mention the existence of a method of brackets, a “generalization” of Ramanujan’s Master The-
orem which is not yet entirely on rigorous footing. While not used in this report, this methodology is very
interesting.
"There were two minor typos in Aomoto’s paper: that the Gamma function was missing a +1 from the
numerator of its argument, and that the det I was missing a square root. These are corrected here.
8) stands for error
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Observe that

=1
:Z% ( ) HH =2
m=0 7], = 1<i<j<n+41
I (=205)" 1y 5,
1§i£22n+1

I1 Hi<j(_277ij)mj ot Mij
:zﬁ:< [I1L., ! Hmlz );

i

which gives

(=2
/ ef:r:Jfo dr = / Z efa:JfTo:(: H Hz<]( nJ'> Hl,izﬁfz J dz
Ry R\ I1 Hi<j Njj .

)

I1 Hi<j(_2"7ij)nij H xzﬂm

We now apply Fubini’s theorem. Clearly each e*f‘TTox( —
[TTLi<; nij! N

> 1s contin-

uous in Z. Furthermore we have its absolute value is

e,xw‘Tox H Hi<j<_2nij)nij QEZ]-# n;j . e*‘TTTOI H Hz‘<j (2|772J|)mJ xzj;‘" Ngj
] II i o | II g
[I Hi<j Mg I1 Hz’<j T

7 %

since z; > 0 on R, which gives

/ Z e—xTTox HHK]’(_%U)W Hx.z#i i dz
R\ [I Hi<j ni;! '

i

0 7351
= e Tox exp | zf x| dx
R]* |73l 0
1 1—|ti; — 1
— exp| —af x | dz,
R 1—|t;; — 1 1
so that this time Fubini’s condition is
1 1=ty — 1)
exp | —af z | dz < oo. (%)
R 1—|tj; —1 1
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Note again that if 1 — [t;; — 1] > =1 < |t;; =1 <1+ 2 < -1 <t; <241 then

the integral above converges. Hence if |t;; — 1] < 1+ % then Fubini’s theorem applies and
we can switch the order of the sum and the integral to obtain

2n;: )" L on
/ e—zTTac dr = Z / —:ETT()J; H Hz<]< nJ) Hxizj;m T dr
R1+1 p RnJrl H Hz<] " .

)

Z HHK] 277ij)mj / efxTToxHx.Zj;ﬁi"” dz |.
[ITLi<;mi R o

It is again emphasized that as long as Fubini’s criterion holds (i.e. [ > [f| < co), which is
the case when for example |t;; — 1| < 1+ %, it must be the case that the power series on
the right hand side converges. This side-steps the need for a computation for the radius of

convergence later. It remains to compute the coefficients fRnH e~ Toz Iz Z]’“ " g
Denote ¢; == > .. n;; and observe that 2/ Tyz = Zx + Z d 2wy = (xl et )

1<J

J#i

Let us change variables z; + - - - + 2,41 = o, which glves

—xTToa:H Zj;éinij dr
Rn+1

Cn+1 —(x1++x
/ / .. nﬁkle(l n+1) dx1~--da:n+1
gy .
:/ / / / et (o —xy — s — 19 — x) e 7 day - - day,y day, do.
o Jo Jo 0

This computation reduces to calculating
s ald!
/ l'a(s—$)bd$ — —sa—&-b—i-l’
0 (a+0b+1)!

which can be verified via WolframAlpha, and iterating integrals of this form. Doing so affords
the following:

° 61!'~‘Cn+1! C1+4Aten n —o2
:/0 EEEEy
1 el ! F(n+1+01+---+cn+1>
2(c1+ -+ cpe1 +n)! 2
1Hir<1+2#i”ij> n+l
T2 T(n+1+20,) F( 2 *'”'1)'

With these coefficients we have

—xT T o H Hi<]( 2772])71” 1 H F<l + Zﬁéz nl]) n+1 .
e dr = E r |
RO+ ~ H Hz<] ” 2 F(n + 1+ 2|n| ) 2

St

_ZG(_z)mh Féii';L| Hr(wznly))%. (%)
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Plugging this into our formula for vol,, from earlier, we get

[ Theorem.

vol, (A) = ridet L Z <(_2)ﬁllr(nTH +7,) ﬁf(l X an)> (RX: f)’i

F(HTH) I'(n+1+2[i,) 7 7!
where & is the constant curvature of the space, \;; = kcos(v/kl;;) is the ij-th entry of the
length matrix L, and 1 is the vector of all ones. This power series converges if
1 1 — kX — 1
exp| —af x| dr < oo,

Ri"'l 1— ‘/i)\jz — 1‘ 1

N
n

which happens for example if every

1 1 1
’/{;)\l]—1’<1—‘|—ﬁ < —E</€>\ij:COS(\/Elij><2+E VZ,]

This above derivation hinged upon the very special fact about the base matrix Tj, which
is that 27Tyz = o?. This yields a very simple integrand (which can be dealt with by, as we
saw, a linear change of variables) for computing the power series coefficients. For a different
base point, say

1 2
TO = - )
2 1

i

: Y dz is not nearly

this nice reduction does not apply, and calculating fRi+1 e~ Tox IL =
as easy.

27



5. IDEAL HYPERBOLIC SIMPLICES

We present some work on volumes of ideal hyperbolic simplices and discuss future direc-
tion. The work in this section will be in many ways reminiscent of that of the last section.

PrEVIOUS WORK: Given a cone C in R""! we can consider its intersection with both
H" and E" (the plane x,; = 1). The former is a hyperbolic simplex while the latter is a
Euclidean simplex. Recall our construction of C' given the {p;}.

If the simplex A~ is moreover ideal, that is if all its vertices lie on J, H" the boundary
at infinity of H", then the vectors determining C' lie on the light cone, which is the set of
points in R™! such that (z;x)_ = 0. In the ideal case we denote C., to be the cone of an
ideal simplex A .

A simplex is regular if, for any permutation of its vertices, there exists an isometry of the
space bringing the simplex to that permutation of its vertices. It is a fact that ideal regular
simplices are unique up to isometry; hence it makes sense to speak of the AZ ., and Cog reg-
Haagerup and Munkholm showed that, in the regular case,

00o,reg

Theorem (Haagerup and Munkholm). Let Cy ;ep denote the cone whose intersection with
H" gives the ideal regular hyperbolic simplex (unique up to isometry). Then

(n+2>"21 1 V0L (Cooreg NHY) _ < n )

n+1 n ol (Cooreg NE?) ~ \n—1

which implies
vol,, (Cog reg N H™)

_ /e

We investigate what happens when this regularity condition is loosened.

CoONE INTEGRALS: An ideal cone C', can be characterized by n + 1 vectors lying on the

light cone, vy, -+, 41, 80 (v;v;)_ = 0. Without loss of generality, let each such vector be
of form
Vi1
Uy = : )
Uin
1

where v}, + - +v7, = 1. Let

T o i
V=1|v -+ v
[ !

Recall

vo1;(Aw)/0wrnf(r2)dr:L f(~tas) Jde = et V] [ f(=alViQVa s
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from last section (all the proofs work wverbatim when we replace P with V). Picking f(x) =
e~* and noting that, for cos ¢;; == v;1vj1 + - -+ + Vi nVjn,

0 cos ¢ — 1
—o =VIQV = ,
cos ¢;; — 1 0
we get
0 1 — cos ¢;;
vol, (AL) = QIJ?:—;V; exp | —af x| dx
2 R+ 1 — cos ¢;; 0
_ 2|det V|

=
L) Jege
Observe that the entries of ® are nonnegative.

VoLUME RATIOS: Denote A2 = C,, NE™ the Klein Euclidean projection of AZ. Observe
the vertices of A% are precisely given by {v;}, and there is already a row of ones in V. Recall
then that the Euclidean volume of a Euclidean simplex is given by

detV
volt (A0) = 14tV
n!
so that
1 (A 2-n! -

VO 8( oo) _ nfl / efxTCI:o:Jc dzr. (*)

volp (A%)  T'(%H) RH
Let Agq be the Euclidean n-simplex in R"*! formed by vertices ey, - -, e,11 and wa_,, be

the scale-invariant volume form restricted to Agq. Then vol) (Agq) = Y% and the volume

form is explicitly given by wa_,, = %, where as usual oy = 21 + -+ + x,11. We
1
found that
Lemma. The ratio
VOlr_L A;o 1 _n+l
0( 0 ) - 0 / (LETCI).’E) 2 WAsg
VOln(Aoo) VOln(AStd> Agta
is the average of (xT(IDJZ)_"T+1 over Agq, the standard Euclidean n-simplex in R*+.
Proof. That
*dry + -+ + xdwz,
WA, =
B opVn+1
and
vn+1
vol) (Aq) = YT
n!
are simple checks. Note that
O.n
L_doy ANwa,, = dog A - A dopy = da.

vn+1
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Then

f:pf@x o 702:{“13:1:
/ dx = 1 do; A WA a
Rn+1 £E€Agq \/n +

_ n f(x“bx)o%d )
= g€ 01 WA,
V1 + 1 TEAGta (Ll ! ! *d
n+1
_ s
2 \ n + ]' xeAstd

(2'®z)" "2 wa

so that
vol (AZ) 2-n! (2 ; 1 / ntl
n o/ b 2 w = ZET(I)ZL‘ 2w s
O(8) TP VAT e, T T A Ja, T
as claimed. [

It should be noted that, in the general hyperbolic simplex case (not necessarily ideal or
regular), the same procedure as above gives

Lemma. The ratio

VOli(A_) 1 / t _n+l
n — f— L 2
VOIZ(A0) ~ VoIl (B o, T

is the average of (—ZETLZL‘)_% over Agq, the standard Euclidean n-simplex in R*.

Recall — L has strictly positive entries in the hyperbolic case. Incidentally the above gives yet
another alternative proof for our result in the last section by taking —z' Lz = 2 Tha+2THe =
0? + 2'Hz = 1 + z'Hz and using Newton’s binomial expansion.

FUuTuRE DIRECTION: The hope now is to do something similar to the alternative proof
outlined above in the ideal case. We can write

1 1 1 COS @
2oy = 2 r —at r=o0l—1'Gyr =1—2'Gyr,
1 1 Ccos ¢j; 1
so that

+1

/ ( T®x> 2 wAstd = / (1 - ‘Z‘TG(Z&Z‘)*”T wAstd;
Agtd Agtd

then one can conceivably use Newton’s binomial theorem and expand this as a power series in
cos ¢;; (centered either around 0 or around %, which is the regular case). Hopefully bounding

vol, (Ax)

this power series will yield results on bounds for the ratio —# 5 A0 )
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