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Abstract

The substring reversal graph R, is the graph whose vertices are the permutations
Sy, and where two permutations are adjacent if one is obtained from a substring
reversal of the other. We determine the spectral gap of R,, and show that its
spectrum contains many integer values. Further we consider a family of graphs that
generalize the prefix reversal (or pancake flipping) graph, and show that every graph
in this family has adjacency spectral gap equal to one.

1 Introduction

Consider a permutation 7 in the symmetric group S,,, which we will write in word no-
tation (79,72, ,7,), where we denote 7(i) = 7;. A substring is a subsequence of T,
(75,...,7;), for some 1 < i < j < n, and reversing this substring yields (7, 7j_1,..., 7).
A substring reversal of T is any permutation obtained from 7 by reversing a substring in
7. Substring reversal is a well-studied operation on permutations, and often appears in
metrics on permutations, edit distances and permutation statistics. There are numerous
applications involving many variations of substring reversal, such as genome arrangements
and sequencing (see [2], [15], [18]).

The reversal graph R, is the graph whose vertex set is the permutation group 5,,
where two vertices are adjacent if they are substring reversals of each other. Thus, R,
has n! vertices and is regular with degree (Z) Many properties of the reversal graph R,
have long been studied. One interesting problem is to determine the minimum number of
substring reversals needed to transform one given permutation in .S, to another, which is
equivalent to finding a shortest path in R,. The smallest number of reversals required to
turn any permutation into any other is exactly the diameter of R,,, and it was shown in [2]
that the diameter of the reversal graph is exactly n—1. The connectivity and hamiltonicity
of R, were investigated in [19]. There are still many questions concerning R,, that remain
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unresolved. In this paper, we examine the eigenvalues of R,,, and determine the second
largest eigenvalue of the adjacency matrix of R,. Note that the second largest adjacency
eigenvalue of a regular graph is intimately related to the rate of convergence for random
walks on a graph. We use methods from graph coverings to determine the second largest
eigenvalue of R,,, although our techniques cannot be used to determine the whole spectrum
of R,,.

An intriguing variation of substring reversal is prefiz reversal (or pancake flipping)
where only substrings of the form (7,...,7;) are allowed to be reversed. The prefiz
reversal graph, or the pancake graph, P, is a special subgraph of R,. P, also has vertex
set S, but the edge set is restricted. In P,, the neighbors of 7 are the permutations of
the form

(Tk’aTk—la Ty T4, 77-71)

for 1 < k < n. In contrast to the reversal graph where the exact value of the diameter
is known, the problem of determining the diameter of the pancake graph has a long
history and still remains open. This problem was first posed by Jacob Goodman, under
the pseudonym Harry Dweighter, as a Monthly problem in 1975 [1]. If we denote the
diameter of the pancake graph on n vertices by f(n), then the current best upper bound
is f(n) < %n, due to Chitturi et al. [5], improving on a previous bound of %n given
by Gates and Papadimitriou [11] in 1979. The best lower bound is f(n) > 15 |#%],
which is due to Heydari and Sudborough [16]. Recently it was shown that the problem
of determining the exact minimum number of flips to transform one permutation 77 into
another permutation 7, for two given permutations 7, and 7, is NP-hard [3]. In [4], it
was determined that the spectral gap of P, is one, answering a question posed in [14].
We will determine the spectral gaps for a family of graphs which contains certain Cayley
graphs including P,, giving an alternative proof in that case. We then use the spectral
gap of P,,, together with a decomposition of R,, into P, and copies of R,,_1, to determine
the second largest eigenvalue of R,.

Theorem 1. If iy, o are the two largest eigenvalues of the adjacency matriz of R, then

n n
e (§), b= (3) -

We will consider a family of graphs that generalizes the pancake graph, and show that
for every graph in this family the spectral gap is one.

Theorem 2. Let F,, be the set of all graphs whose vertex set is the symmetric group S,
and where for each verter T and each 2 < i < n, 7 is adjacent to exactly one vertex of the
form

(Ti7 Ao, Algyc oty QG715 T1y Tip1, " " ,Tn>.

That s, the first and ith entries are swapped, and the entries in between are possibly
rearranged. Then for any graph G € F,, the two largest eigenvalues of the adjacency
matrix of G are n — 1 and n — 2. In particular, the adjacency spectral gap of G is 1.
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The graphs R,, and P,, as well as many of the graphs in F,, are Cayley graphs of
the symmetric group S,. Indeed, Cayley graphs of the symmetric group have been the
subject of extensive study, with particular interest in their spectral gap. In [20], Lubotzky
posed the problem of finding a family of k-regular Cayley graphs of \S,, with spectral gap
bounded away from zero; an explicit construction of such a family was found in [17].
For many particular Cayley graphs of S,,, the spectral gap has been computed [10, 9, 4],
and the case when S consists of transpositions is particularly well-studied. Of particular
relevance here, the Cayley graph with generating set

S={(1k):2<k<n}

belongs to the family F,,, and the spectral gap was determined to be 1 in [9].

The remainder of the paper is organized as follows. In Section 2 we review the nec-
essary background and establish notation. In Section 3 we recall the notions of graph
coverings and projections, which we will use frequently in our proofs. In Section 4 we
introduce a graph which is a projection of every graph in the family F,,, which provides
a lower bound of one on the spectral gap of every graph in this family. We establish the
corresponding upper bound in Section 5. In Section 6 we prove Theorem 1 and further
investigate the spectrum of R,,. We conclude with some problems and remarks.

2 Preliminaries

Before proceeding to define the graph spectra of interest here, we note that the definitions
of eigenvalues and eigenvectors are much simpler and cleaner for regular graphs than those
of weighted irregular graphs. Although the graphs R, and the graphs in F,,, are regular,
we will consider various associated graphs which are irregular and weighted in order to
determine the spectral gap that we need. Furthermore, we remark that the spectral gap
of the adjacency matrix of a weighted or unweighted graph often depends on a few of
the largest degrees and therefore the spectral gap of the adjacency matrix can not be
used to determine the rate of convergence for random walks on irregular graphs. Instead
it is more appropriate to study the combinatorial Laplacian and normalized Laplacian.
In this section, we consider general weighted graphs and define the eigenvalues of the
normalized Laplacian, which will be important when we define graph covers. For undefined
terminology, the reader is referred to [7].

Let G denote a weighted undirected graph with edge weight w, , = w,,. The adja-
cency matrix of G, denoted by Ag, has entries Ag(u,v) = w,, for vertices u and v. For
any vertex v € V(G), the set of vertices adjacent to v is denoted by N(v). The degree d,
of a vertex v is defined to be

d, = Z Wy p-

We will only consider weighted graphs without isolated vertices, i.e., d, > 0 for all v.
Let Dg be the diagonal degree matrix whose ith diagonal entry is equal to the degree
of the ith vertex. Then the combinatorial Laplacian of G is Lg = Dg — Ag, and the
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normalized Laplacian is Lo = Dal/ 2LGD;/ ®. For a d-regular graph, we have L5 =
— 514@. The eigenvalues of the normalized Laplacian Lg are denoted by 0 = A\g < A1 <
... < M1 where n is the number of vertices in GG. \; is called the spectral gap of the
normalized Laplacian, and the rate of convergence of random walks on G with transition
probability matrix P = D' Ag is exactly ;' (see [7]). We will denote the eigenvalues of
the adjacency matrix of G by puy = po = -+ = iy, and py — pe is the spectral gap of the
adjacency matrix. For a regular graph of degree d, 3 = d and ps = d(1 — Ay).

Let ¢; denote the orthonormal eigenvector associated with A;. It can easily be shown
that ¢p = DlG/ ?/\/vol(G) where vol(G) = >, dy. Instead of dealing with eigenvectors ¢;
of Lg, it is often convenient to consider the corresponding harmonic eigenfunction defined
by f; = Dal/ 2¢i which satisfies

Aifi(uw)d, = Zwuv(f(u) — f(v))

for all vertices u. Note that for regular graphs, harmonic eigenfunctions are exactly
eigenfunctions. Moreover, for regular graphs the eigenfunctions of £, L and A are the
same, and the corresponding spectra are translations of each other.

We will frequently deal with permutations, so we establish the notation that we will
use. The symmetric group is denoted as .5, throughout. Every permutation will be
given in word notation, that is, as a list of numbers (71, 7o, -+ ,7,), which indicates that
permutation 7 maps ¢ to 7;. We will sometimes refer to the value 7; as the ¢th entry or
position of the permutation 7. When we write the product of two permutations, such as
wo, we take this to mean: first apply permutation o, then apply permutation 7.

As discussed in Section 1, R, and many of the graphs in the family F, are Cayley
graphs. We briefly recall the definition here. Let H be a finite group, and S a subset of
H. We say that S is a symmetric set if whenever s € S, we also have s' € S. Given a
symmetric set S that generates the group H, the right-Cayley graph Cayy(H,S) is the
graph with vertex set equal to H, and edges of the form {z,zs} for all x € H,s € S.
This is an undirected |S|-regular graph. A left-Cayley graph is defined similarly, with
edges of the form {z,sz}. For example, let S be the set of permutations corresponding
to substring reversals. That is, S consists of the permutations obtained from taking the
identity permutation (1,2,3,---,n) and reversing a substring. Then R,, = Cayy(S,,S).

3 Graph coverings

In proving Theorem 2 and Theorem 1, we will rely heavily on graph coverings, an idea
developed in [6]. A short overview is presented here. Let G and G be two weighted

graphs. Then G is a covering of G if there is a surjection 7 : V(G) — V(G) satisfying
the following two properties:

(1) For z,y € V(G), where 7(z) = 7(y), and for any v € V(G)

Z w(z,x) = Z w(z,y).

zem—1(v) zer~1(v)
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(2) There is a fixed m € RT U {00}, the index of m, such that for all u,v € V(G)

Z w(x,y) = mw(u,v). (1)

zem ™ (u)
yer 1 (v)

As 7 is a surjection, it can alternatively be viewed as a partition of the vertices of V(é) into
|V (G)| sets. With this interpretation, the above definition can be seen as a generalization
of an equitable partition; see, for example, [12]. We say that G is a projection of G via
the mapping 7 if G is a covering of G under .

The virtue of a graph covering is that there is a strong correspondence between the
eigenvalues of a covering graph and the eigenvalues of the projection. This correspondence
is the content of the following theorem, which is proved in [6].

Theorem 3. (Covering-Correspondence) .
Let G,G be two weighted undirected graphs, and 7 : V(G) — V(G) be a covering map.
For any function f: V(G) — C, define py : V(G) = C by

pr)= ) f(zzdw'

zer—1(v)

For any function f: V(G) — C, define the lift of f, l; : V(G) = C by
l(x) = f(u), where m(x) = .

(i) If A is an eigenvalue of G- with harmonic eigenfunction f, then A is an eigenvalue
of G with harmonic eigenfunction ls.

(i1) If X is an eigenvalue of G with harmonic eigenfunction f, then if pr # 0, X is an
etgenvalue of G- with harmonic eigenfunction py.

We will use this theorem in the form of the following corollary.

Corollary 4. Let G be a graph with cover G, under covering map m, where G is a reqular
graph. Then the eigenvalues of the normalized Laplacian of G are eigenvalues of the
normalized Laplacian of G. For any eigenvalue ) of the normalized Laplacian of G that
1s not an eigenvalue of G, the corresponding eigenfunction f satisfies

> fl@)=0 (2)
()

for allu € V(G). .
Furthermore, if G, G are both reqular graphs with the same degree d, then this holds
for their adjacency matrices as well.
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Proof. 1t follows directly from Theorem 3 that if A is an eigenvalue of the normalized
Laplacian of G, then it is an eigenvalue of G. Now let A be an eigenvalue of G with
eigenfunction f, where \ is not an eigenvalue of G. By regularity of G, f is also a
harmonic eigenfunction, and by part (ii) of Theorem 3 it must be the case that p; = 0.
Hence, for all u € V(G),

o= =1 Y fla)d

By regularity, d, is constant, and so dividing by a constant gives equation 2.

If G, G are both d-regular graphs, then their adjacency eigenvalues satisfy p; =
d(1 — X\;_1), and the corresponding eigenfunctions are the same. It follows that adja-
cency eigenvalues of G are also adjacency eigenvalues of G, and for any other adjacency
cigenvalue of G the corresponding eigenfunction satisfies equation 2. O

Example. Let G be the Petersen graph. We compute the eigenvalues of G' by finding
a graph G’ for which G is a cover. Define G’ to be the weighted graph with vertex set
{v1,v9,v3}, and edges and edge weights as shown in Figure 1. The adjacency matrix and
normalized Laplacian of G’ are

1 -+ 0
010 V3
Ag =1 0 2| Lo= |- 1 2
0 2 4 0 _ V2 1
3 3

Now fix any vertex z € V(G), and define a map 7 : V(G) — V(G') by

v Yy==x
T(y)=qv2 y~z
v3 otherwise

It is easy to check that 7 satisfies the definition of a graph covering (with index m = 3),
and so the eigenvalues of L, which are 0, ?,), g, are eigenvalues of Lg.

Furthermore these must be the only eigenvalues of L. Otherwise, let f be a harmonic
eigenfunction corresponding to some other eigenvalue. By vertex transitivity of GG, we can
assume f(z) # 0. By the covering-correspondence theorem, since f does not correspond

to an eigenvalue of G' we have that py = 0. Hence
yer—1(v1)

since by construction of 7, z is the only vertex mapped to v;. It follows that f(x) =0
which is a contradiction, and this shows that all of the eigenvalues of Ly are eigenvalues
of 'CG"
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(a) Petersen graph G (b) Graph G’

Figure 1: The Petersen graph GG and a three vertex weighted graph which it covers. In
the covering map, vertices in GG are sent to the vertex with same color in G.

4 A projection of graphs in F,,

We begin by constructing a weighted graph G,, on three vertices, which is a projection
of every graph in F,. Then we compute the eigenvalues of G,, and by Corollary 4,
these will be eigenvalues of every graph in F,. Let F' be a graph in F,, and let G,
be the weighted graph with vertices {v1, v, v3}, with edge weights w(vy,v1) = n — 2,
w(vy,ve) = 1, w(vy, v3) = n — 2, w(vs,v3) = (n — 2)?, and all other edge weights zero.
To construct the covering map 7 : V(F) — V(G,), we just need to specify the sets
Uy =7 v),Us = 7 Y uy),Us = 771 (v3):

Uy=7"v) = {T€8,:7,=n}
Uy=7"v) = {r€8,:7=n}
U3 = 7T_1(U3) = {7— S Sn - T1 ?é n, Tn 7é n}

In order to verify that this is a covering, we need to check the two properties:

(1) We need to show that any two vertices in the same preimage set U; have the same
number of neighbors in each preimage set U;. For example, take 7 € Us, so 7, = n
for some 1 < k < n. By definition of F,,, if ¢ is adjacent to 7 then either o, = 7,
or 0, = 11. In particular, o, # n, so 7 is not adjacent to any vertex in U;. There
is exactly one neighbor of 7 with o7 = n, and so 7 is adjacent to exactly one vertex
in U;. The remaining n — 2 neighbors of 7 are in Us. As required, the number of
neighbors in each preimage set did not depend on the choice of 7 € Us. The cases
that 7 € U; and 7 € U, are similar.

(2) We need to verify equation 1 for each pair chosen from the preimage sets Uy, Us, Us.
For this covering, we have m = (n — 1)!. Firstly, U; and U;:

S wlwy) = Y m-2)

zelUy zelU;
yelUy
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since each element of U; is adjacent to exactly n — 2 elements in U;. So

> w(x,y) = [U](n—2) = (n = 1)lw(vy,v)
zeUy
yeUx

as required. The pairs Uy, Uy and Us,, Uz are similarly verified.

For the pair U; and Us;, since there are no edges between these sets and since
w(v1,v3) = 0, we are done. Similarly for the pair Uy and Us. And finally, the pair

Ug,UgI
> wlzy) =) (n—2)=|Us|(n—2)
z€eUs zeUs
yeUs

Now |Us| = n! — |Uy| — |Us| = (n — 2)(n — 1)!, so we get

E w(z,y) = (n — 1)w(vs, vs)
zeUs
yeUs

as required.
Now that we have a covering, we evaluate the eigenvalues of the projection G,,.

Lemma 5. The eigenvalues of the normalized Laplacian of G,, are
0.-L n_

’n—17 n—-1"

Proof. The normalized Laplacian of G, is

1 _ 1 0
n—1 n—1
1 Vn—2
=T
0 _yn=2 1
n—1 n—1
The result follows from a simple computation. O]

Corollary 6. For any G € F,, the adjacency matriz Ag has eigenvalues n — 1, n — 2
and —1. For 1 <1i < n define

X(@) = {reS,: 1, =1}
Y(i) = {re€S,:n=1i}
Z(i) = {r€Sy:n#i,m#i}

Then any eigenfunction corresponding to any other eigenvalue than those listed above must
sum to zero on each of X (i), Y (i) and Z(i), for anyi € {1,2,--- ,n}.

Proof. When defining the covering mapping 7 to G,,, for a permutation 7 the vertex it
was mapped to was determined by the position of n in 7. Observe that we can replace n
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with any index 7, 1 <7 < n, and we still have a covering, in this case with preimage sets
X (1), Y(i), Z(i).

Now take an eigenfunction of G which corresponds to an eigenfunction other than n—1,
n—2, or —1. G is regular, so this eigenfunction is also an eigenfunction of the normalized
Laplacian of G, corresponding to an eigenvalue other than 0, 1/(n — 1) or n/(n —1). It
follows from Corollary 4 and the previous lemma that the eigenfunction must sum to zero
over the preimage sets of the covering, which are X (i), Y'(i) and Z (7). O

5 Spectral gap of graphs in F,,

Recall that F,, is the family of graphs whose vertex set is S,, and where for each vertex 7,
T = (7—177—27 e 7Tn>7
and each 2 <7 < n, 7 is adjacent to exactly one vertex of the form

(Ti,CYQ,Oég, tte 7Oéi7177—1a7—i+17 e 7Tn>'

Each graph in F,, is an (n — 1)-regular graph. The prefix reversal graph P, is in F,,, as
well as the right-Cayley graph generated by the transpositions (1 k), where 2 < k < n.

In order to compute the spectral gap of graphs in F,,, we proceed by induction, so
first we compute the spectrum of graphs in F3 to establish our base case.

Lemma 7. F3 = {Cs}. In particular, the adjacency spectral gap of every graph in F3
15 1.

Proof. Let G € F3. Then G is a 2-regular graph on 3! = 6 vertices. From the definition
of F3, it is easy to verify that G is connected, and so G = (. The first two adjacency
eigenvalues of Cg are 2 and 1. n

We can now prove the theorem on the spectral gap of F,,, as stated in the Section 1.

Proof of Theorem 2. We proceed by induction, so assume that the adjacency spectral
gap of any graph in F,_; is 1. The base case is established by Lemma 7. By (n — 2)-
regularity of graphs in F,_1, it follows from the inductive assumption that the second
largest eigenvalue of any graph in F,_1 is n — 3.

Let G be a graph in F,,. Pick any eigenvector f coming from an eigenvalue u that is
not n — 1, n — 2 or —1. Our goal is to show that u < n — 2. Recall that X (i) consists
of the permutations whose last entry is i, Y(i) consists of the permutations whose first
entry is ¢ and Z (i) consists of all other permutations. For any 4, from Corollary 6 we get a
projection of G with preimage sets X (i), Y (i), Z(i). The set X (i) induces a graph in F,,_1,
and the set Y (i) induces an independent set (since every two adjacent permutations have
different first entries). Furthermore the edges between X (i) and Y (i) form a matching.
Our proof strategy is the following: we will get an expression for y involving the values of
f on the set X (i) and the set Y (). We can control the contribution from X (i) using the
inductive assumption, and then we show that we can choose 7 so that the contribution
from Y'(7) is small enough to yield the stated result.
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Claim 8. We can fix an i such that

o f@)?= ) fw)? (3)

z€X (1) yeY (4)

> fla)?

z€X (1)

and

Proof of claim. Notice that the sets X (1), X(2),---, X (n) partition the vertex set of G
(ie. partitioning the permutations based on the last entry). Similarly, the sets
Y(1),Y(2),---,Y(n) partition the vertex set of G. Hence

> Y =3 Y s

Jj=1 zeX(5) J=1 yeY(j)
In particular, there exists an index ¢ such that
> f@rz ) S
z€X (1) yeY (i)
Let I denote the set of indices 7 satisfying the above inequality. Then there exists some 7

in [ satisfying
Z f(a

zeX (i

since f # 0. O

Consider an arbitrary vertex x € X (¢). Then by definition of X (), « is a permutation
with z(n) = i. x has n—1 neighbors in G, n — 2 of these neighbors are in X () and one of
its neighbors is in Y(¢). Let ¢, be the unique neighbor of x in Y (7). As noted above, the
induced subgraph on X(7) is in F,,_;. By the eigenvalue-eigenvector equation, we have

pf@)=fle)+ > [y
YEN ()N X (i)
Multiplying both sides by f(x), and summing over x € X (i) yields
py o flx Z f@fle)+ >, > f@)f)
zeX (1) zeX (i z€X (i) yeN (z)NX (2)

Dividing across by the sum on the left-hand side (which is non-zero by Claim 8) gives

_ ZmEX(z’) f(x)f(cz) erX(z‘) ZyeN(x)ﬂX(i) f(x)f(y)
a erxu) fx)? i erxu) fx)? ‘ @

We will now find upper bounds for each of the two terms on the right-hand side.
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Let G’ be the induced subgraph on X (i), which is a graph in F,,_;, and let g = f|x().
Since ). xeiy f () = 0, we have that ¢ L 1, where 1 is the constant vector with entries
1, which is the eigenvector associated with p;. Now we can bound the second term in
equation 4 by n — 3:

YooY f@f

SIC _ 9"Acy
> fl 9"g
z€X (1)
< maxpii —hTAG/ h
hTh
= (@)
= n—3.

The edges between X (i) and Y (i) are a matching. So as x ranges over the vertices of
X (i), ¢, ranges over the vertices of Y (7). By Cauchy-Schwarz,

S f@)f > @2 ) fle)?

z€X (3) x€X (7) z€X (1)
> S ) fl
z€X (7) yeY (3)

So

where the last inequality follows from equation 3.
Applying these two bounds in equation 4 gives

p<n—-—3+1=n-2.

This shows that there is no eigenvalue of G strictly between n—2 and n—1, so we conclude
that pe(G) =n — 2. O

As a brief application of Theorem 2, we can establish bounds on the edge expansion
of every graph in G € F,,. Recall that the edge expansion of a d-regular graph G, hg, is

defined as _
|E(S,S)|

sev(e) min(|S], |S]) - d

ha =
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If S is the set of permutations whose last entry is n, then |S| = |E(S,S)| = (n — 1)/,
which gives the upper bound hg < 1/(n — 1). To obtain a lower bound, we can use an
inequality from [7], hg > A;/2. Combining these two inequalities gives the bounds

L et
2n—1) S ¢S p—1

6 Spectrum of the reversal graph

The graph R, is a Cayley graph of .S, that does not belong to the family F,, but is closely
related. For any 1 <7 < j < n, let r; ; denote the bijection on S,, defined by

Ti,j(T) = (71, oy s Tic s Ty Ti1y*** Tit 15 Tis Tid 15 5 Tn)

That is, it reverses the subsequence from indices 7 to j, inclusive. Then two permutations
o and 7 are adjacent in R, if and only if 7 = r;;(0) for some i < j. We will first
show that R, has many integer eigenvalues. We remark that the spectrum of R, is not
generally integer-valued, despite the presence of many integer eigenvalues. A plot of the
7! eigenvalues of R; is given in Figure 2. We will first prove the following useful fact.

25

20 | E

15 | 1

10 | .

Eigenvalue
o [9)]

10 b i
p

15 L L L L
0 1000 2000 3000 4000 5000 6000

Index

Figure 2: The adjacency eigenvalues of the reversal graph, Rz, plotted in increasing order.

Lemma 9. Let X be the symmetric n X n matrix with entries
Xi;=min{i,jn+1—i,n+1—j}

For a given real number x, let D be the unique diagonal matriz such that every row of
D + X sums to x. Then the eigenvalues of D + X are

k
=T — {an+2<[2J>,1<k<n.

2
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In particular, py = x, ps = x —n.

Example: For n =5 and z = 12 we get

70000 11111
04000 122 21
D+X=|(00300|+|1 2321
00040 122 21
00007 11111

which has eigenvalues 12,7,7,4, 4.

Proof. We proceed by induction. For the case n = 1, the result is immediate. When

n = 2, we have
r—1 1
D+X—< 1 x_1>

which has eigenvalues x and x — 2, as required.

Now fix n and assume the result holds for all smaller dimensions. Since D + X is
a symmetric matrix with constant row sums, the leading eigenvector of D + X is the
all-ones vector 1, with corresponding eigenvalue x. All other eigenvectors are orthogonal
to 1. It follows that if Y = D + X — 117, then D 4+ X and Y have the same eigenvectors.
Moreover, the spectrum of Y, counting multiplicity, is exactly the spectrum of D + X
with x replaced by x — n.

The only non-zero entry in the top row of Y is the top-left entry, which is  —n. The
only non-zero entry in the bottom row of Y is the bottom-right entry which is also x — n.
Denote the characteristic polynomial of a matrix A by pa(p). Expanding the determinant
of Y — ul along the top row and then along the bottom row, we obtain that

py () = (n— 2z +n)’py (1)

where Y is the (n—2) x (n—2) principal submatrix of Y, obtained by deleting the first and
last rows and columns. In particular, the spectrum of Y consists of x —n with multiplicity
two, and the spectrum of Y’. Hence, from the relationship between the spectrum of D+ X
and the spectrum of Y discussed above, we have that the eigenvalues of D+ X are exactly
the eigenvalues of Y’ together with z and x — n.

Observe that Y’ satisfies the conditions of the theorem, with row sum equal to x — n.
By induction, we have that the eigenvalues of Y are (for 1 < k < n — 2):

(Y’ = (x—n)—EJ (n—2)+2<L§J)
)

Combining these n — 2 eigenvalues with x and z — n yields exactly the claimed spectrum
for D + X. O
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Lemma 10. The spectrum of the adjacency matriz of the reversal graph, Ag,, contains

the eigenvalues
n k %]
_ S i 2( 24} 1<k <n
ORI CORE

In particular, (g) and (72‘) —n are eigenvalues, and so the spectral gap is at most n.

Proof. We begin by constructing a projection of the graph R,. Let G be the graph with
vertices vy, vq, - -+, v, corresponding to the adjacency matrix Ag = D + X, where vertex
v; corresponds to row and column ¢, and D + X is as in the previous lemma, with row
sum (5). Let U(i) be the set of all permutations 7 such that 7, = n. The sets U(i),
for 1 < i < n, partition V(R,,), so we can define a map 7 : V(R,) — V(G) by setting
m(x) = v; whenever z € U(i). It suffices to show that this is a covering map, then the
result will follow from the previous lemma.

To show that 7 satisfies the first property of a graph cover, we need that for all indices
i,7, any two vertices in U(i) have the same number of neighbors in U(j). This follows
from the fact that there are a fixed number of reversals that map entry 7 to entry j.

For the second property, take two preimage sets U (i), U(j), and 79 some permutation
in U(j). It is easily checked that by construction of the weighted graph G, we have

w(vi,v5) = [N (1) NU ()],
where N(7p) is the set of neighbors of the vertex corresponding to permutation 7. Then

S N wer) = Y UG wlo )

oeU (i) TeU(5) oeU(d)
= (n—=1D!N(r) N U®)|
(n — D)hw(v;, v))

where the first equality follows from property (i). Hence 7 is a covering with m =
(n—1)L O

We are finally ready to prove the main theorem determining the spectral gap of R,,.
Proof of Theorem 1: The value of j is (;‘) since R, is regular of degree (Z) From the
previous lemma we have that

n
(i)

o < (Z) —n.

We follow a similar approach to the proof of Theorem 2.
We proceed by induction. For the base case, consider n = 2. Then R, is K5, with
eigenvalues 1, —1. Now assume for any m < n, we have

p2(Ar,,) = (Tg) —m.
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For any 1 <7 < n, we define the sets
Uz(]) = {’TGSNIT]' :Z}

As in the proof of Lemma 10, for any fixed i the sets U;(j), 1 < j < n are the preimages
of a covering map of R,, and the two largest eigenvalues of the projection are (Z) and
(g) —n. It follows from Corollary 4 that if Ap, has an eigenvalue u strictly between (g)
and (Z) —n then the corresponding eigenvector must sum to zero on U;(j) for all 4, j. Let
1 be such an eigenvalue, with eigenvector f.

Let By = {{o,7} € E(R,) : 01 # 11}, that is, the set of edges arising from substring
reversals that include the first entry of the permutation. Observe that the edge set E;
is exactly the set of edges of the prefix reversal graph P,. Let R’ be the graph obtained

by removing all edges in F; from R,. Then R’ consists of n connected components,

Ui(1),Us(1),- -+ ,U,(1). Each of these connected components is isomorphic to R,,_;.
We have, by the Rayleigh quotient
. 2 Z{x,y}EE(Rn) f(z)f(y)
2aer, f(2)?

2 Z{;p,y}EEl f(z)f(y) n 2 Z{x,y}gEl f(@)f(y)
2ven, I (2)? > wer, f(@)?
2 x
< pa(Ap,) + Zgy}i& f((x))Qf(y)

where the last inequality follows since f is orthogonal to the constant vector 1. Using
Theorem 2 we have ps(Ap,) =n — 2.
To bound the second term, we will partition the edges not in F; in the following way

{{z,y} & Ex} = E(U1(1)) U E(Ux(1)) U --- U E(Un(1)).

Hence, we have

2 Z{x,y}gEl f(@)f(y) _ D i 2 Z{z,y}eE(Uia)) f(z)f(y)
2 nen, f(2)? 2im1 2weviny £ (2)?
23 eaperw.ay f @) ()

ZxGUi(l) f(m)Q

N

maxiign

< pe(Ag, )

where we are using the fact that v sums to zero over each set U;(1). Combining the two
inequalities above, we get

uo< /,LQ(APH)+/’L2(ARW,71)

— (n—2)+(n;1)—(n—1)

- (3)
Thus we conclude that p2(Ag,) = (3) —n and this completes the proof of Theorem 1. [
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7 Problems and remarks

Consider the stochastic process of pancake flipping: Start with a stack of n pancakes (or n
cards). At each step, with probability 1/n, choose i where i = 1,...,n and do a pancake
flipping of the first ¢ pancakes.

The above process is equivalent to taking a random walk on P,, 4+ I, where P, is the
pancake graph. The transition probability matrix is then P = (A(P,) + I)/n.

Since the first nontrivial eigenvalue of the normalized Laplacian of P, is 1/(n — 1).
Consequently, the first nontrivial eigenvalue of the normalized Laplacian of P, + [ is
1/n and all eigenvalues of the normalized Laplacian of P, + I are at most 2 — 1/n.
It is known that the rate of convergence for random walk is the inverse of A~! where
A = min{A,2 — A\,_1} where 0 = A\g, A\y,..., A\,—1 are the nontrivial eigenvalues of the
normalized Laplacian of P, 4 I. However, in order to get tight bounds for the convergence
of the random walk to the stationary distribution under the total variational distance,
more work is needed. For a vertex-transitive graph, a general upper bound after ¢ steps
of random walk on P, + I can be derived by using the Plancherel formula (see [7]):

Ary(t) < %(Z“ — )\i)zt>1/2.

i#0

Using the result that |1 — A\;| <1 —1/n for i # 0, we have

Agv(t) < %(1 - %)tn!

—t/n+nlogn
<e / gn

Hence, the random walk converges to the uniform distribution with Ary (t) < e ¢ after
at most t = n?logn + cn steps. If we know more about the distribution of eigenvalues \;,
this upper bound should be improved. It seems reasonable to conjecture that O(nlogn)
steps suffice.

Similarly, we can consider the random substring reversal process, where in each step,
with probability (";1)_1 we choose a substring (allowing substrings of length 1) and
reverse it. This is equivalent to taking a random walk on R,, + n/. In this case, we have
M=n/("") =2(n+1)""and A,y <2—2(n+1)"1 Asin the case of pancake flipping,
knowing the spectral gap allows us to obtain a bound on the rate of convergence, but
to obtain sharp bounds it would be desirable to know more about the distribution of all
eigenvalues.

In this paper, we mainly focus on substring reversal and pancake flipping on per-
mutations. There are many interesting variations of these problems. In particular, for
applications such as genome rearrangement, the objects of interest are signed permuta-
tions. In this case the operation of substring reversal is taking the reverse of the substring
and changing the signs of every element in the substring. The corresponding problem for
pancake flipping is the burnt pancake problem where the sign is used to distinguish the
two sides of each pancake. This “burnt” variant was studied by Gates and Papadimitriou
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[11] (with the restriction that the burnt side is originally face-down and must be face-down
when sorted), and by Cohen and Blum [8]. The burnt pancake graph P, has 2"n! vertices
and degree n. A natural question is to determine the spectral gap of the adjacency ma-
trix. In fact, P, + I is a projection of P,, which implies that the adjacency spectral gap
of P, is at least one. A harmless guess is that the spectral gap of the adjacency matrix
of P, is exactly 1. However, this turns out to be not true. For P, the spectral gap is
approximately 0.71343, and for Ps the spectral gap is approximately 0.75758.
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