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Abstract

The adjustment to parity can be discontinuous foroaginal listing and its

cross-listing: convergence may be quicker wherptiee deviation is sufficiently

profitable, but otherwise slower. In other wordse tdynamics of premiums on
cross-listings fall into two regimes: within andybed the threshold, i.e. the
transaction costs and risk premiums of arbitrage. ddmplement Harris et al.’s
(1995, 2002) linear error correction model to eatenthe relative extent of
market-respective contribution to price discoverinfarmation share) of

cross-listed pairs on the New York Stock Exchang®¥ SE) and the Toronto

Stock Exchange by considering threshold cointegmaper Balke and Fomby
(1997). Our beyond-threshold (outer-regime) infaiiora shares suggest an
increasing influence by the NYSE on Canadian stosks time. We find that the
estimated outer-regime information shares and tiotds are typically affected by
the relative degree of private information, markition, and liquidity measures,
and idiosyncratic firm-level characteristics.
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1. Introduction

We contribute to the literature by implementing theeshold error correction mechanism in
estimating the relative extent of exchange-respeatontribution to price discovery of the pairs
of cross-listings and their original listings. Tagisting methods assume linear convergence of
price deviations to parity whereas we hinge our premise on theityetthat the premiums
disappear quicker when it is profitably arbitrageahan otherwise.

Price discovery is a search for an equilibrium @1iSchreiber and Schwartz, 1986) and is a
key function of a securities exchange. It is thecpss by which information is priced in the
market. When a security is traded in multiple megké is often of interest to determine where
and how price discovery occurs. Harris et al. (3986d Hasbrouck (1995) examine the
exchange-specific relative contribution to pricecdivery of fragmented stocks on the NYSE and
other U.S. exchanges, and confirm the leaderstspnasd by the NYSE. As for international
cross-listing, Bacidore and Sofianos (2002) anahi®adt al. (1996) suggest that price discovery
mostly takes place in the home market where sutigkaimformation originates. Eun and
Sabherwal (2003) report the U.S. host exchangesrdete the prices of Canadian cross-listings,
however, to a lesser extent than the Toronto Skowhange (TSX) does.

In the literature, there are two broad approacleegstimating the contribution of each
market to price discovery of fragmented listingsasbrouck’s (1995)jnnovation variance
approach extracts the information shares by employing vexadecomposition based on the

vector moving average representation of an errmecton model (ECM). Harris et al.’s (1995,

"We define the “relative premium” as the percentpgemium of a cross-listed stock traded on a foreigchange
against the home market share, adjusted by theaggehrate. The term “cross-listing premium” defitigdDoidge,

Karolyi, and Stulz (2004) is the excess value oéifgn firms cross-listed in the U.S. relative togh not in terms of
Tobin’s (1969)q ratio.



2002) common factor approach employs permanent-transitory decomposition of iategrated
system to estimate the information share of eaatkehaAs Eun and Sabherwal (2003) point out,
Hasbrouck’s (1995) approach involves Cholesky fézation of the covariance matrix of the
innovations to prices on various exchanges andlyiebultiple information shares. This may
cause confounding identification of the venue ofcerdiscovery. Hasbrouck's (2002)
modification can be numerically onerous in impletagion? In this paper, we expand Harris et
al.’s (1995, 2002) platform and complement Hasbk&u(1995) idea.

Harris et al. (1995) associate error correctionatyics with price discovery of cross-listed
pairs which are cointegratédy the law of one price. The cointegrating vectofghe vector
ECM (VECM) represent the long-run equilibrium (ngarity condition), while the error
correction terms characterize the convergence méxtha i.e. “the process whereby markets
attempt to find equilibrium.” Through representatiave can assess the relative extent of the
contribution made by each market to price discowéryagmented stocks using the estimates of
adjustment coefficients. If the price of a Canadienoss-listing on the NYSE responds
sensitively to shocks from the TSX whereas the hexehange is largely unaffected by the
ripples occurring in the host market, price disegvean be deemed as predominantly taking
place on the TSX. Harris et al. (2002) buttress rttethod earlier formulated in Harris et al.
(1995) by incorporating a microstructure model vehtre price is assumed to be the sum of an

efficient (permanent) price component and an dtransitory) ternt.

?See De Jong (2002), Harris et al. (2002), and Hastir (2002) for further discussion.

3A group of multiple random-walk processes is cajma¢ed if, by definition, there exists a stationdiryear
combination of the processes. A time series is Klygastationary if the probability laws (of up thd second
moments) are time-invariant.

“In Harris et al. (2002), the efficient price compahis unobservable and reflects the underlyinglémmentals.

Gonzalo and Granger's (1995) permanent-transitoggorhposition posits the permanent price as a linear
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However, an implicit assumption made by Harris bts a1995, 2002) works is that
adjustment to parity, the long-run equilibrium, dentinuous and linear. Various economic
circumstances challenge such restrictions, padtibyulwhere transaction costs and policy
intervention are present. Given the complexity rafling rules and indirect transaction costs,
nonlinear convergence to parity captures the maiket higher proximity. The rationale of
nonlinear modeling is straightforward. A relativedgnall deviation of the price of an American
Depositary Receipt (ADR) from its parity-impliedigg can be unarbitrageable if the dollar
spread is insufficient to cover the fees, commissjdiquidity shortfalls, and other related costs.
In this case, the dollar premium or discount bekdike a near-unit root process and will not
converge to parity. Arbitrage forces will activate the spread widens beyond the “threshold.”

To date, we find a dearth of articles with a nosdinframework in the literature. Among
them, Rabinovitch et al. (2003) use a nonlineaeghold model to estimate the adjustment
dynamics of the return deviations for 20 Chileanl @rgentine cross-listings. Koumkwa and
Susmel (2008) suggest two nonlinear adjustment tapdee exponential smooth transition
autoregressive (ESTAR) and the logarithmic smoaetndition autoregressive (LSTAR) to
delineate the relative premiums of Mexican ADRs.u@ et al. (2005) study the dynamic
relationship between the prices of three Taiwar3&s and their underlying stocks using a
threshold VECM.

For a cross-listed pair, convergence to parity rbayquicker when the price spread is

profitable, or slower otherwise. In other wordse thynamics of cross-listed pairs fall into two

combination of the observable prices where the atimed weights can be as market-respective infdonathares.
The higher the normalized weight of an exchange bilgger the influence on setting the permanewepit can be
shown that the normalized weights are orthogonahéoadjustment coefficient vector, which can bevemiently
obtained from an ECM.



regimes: within versus beyond the threshold, whghdetermined by transaction costs and
associated risk premiums of arbitrage. In this régae extend Harris et al.’s (1995, 2002) ECM
to estimate exchange-respective information shafr€3anadian cross-listed pairs traded on the
NYSE and the TSX by considering threshold cointegnaper Balke and Fomby (1997).
Departing from linear modeling, our information shds estimated from the outer-regime
adjustment coefficients based on a two-regime HaldsECM.

Our method has many advantages. To list a few erhiHirst, we theoretically depict and
empirically analyze the discrete dynamics of “bufnparity-convergences, which are frequently
observed in the market due to various risk factush as information asymmetry and market
friction. Second, a large deviation from parity teyond the threshold (extreme regime), e.g. a
very profitable arbitrage opportunity, is more likeéo reflect information shocks than a small
deviation, which can be due to noise trading. Thues,believe our method captures relative
contribution to price discovery to an enhanced degompared to the existing linear approaches
in the literature, which circumvent the time- aedime-contingent characteristics of information
shares.

In addition, we identify and explicate the facttimat affect the estimated information share
and threshold, and find that they are typicallyedeined by the relative degree of private
information, market friction and liquidity measuyesd idiosyncratic firm-level characteristics.
The remainder of this paper is organized as folldle provide a theoretical asset pricing model
for cross-listings under information asymmetry,hwmirice discovery implications, in Section 2.
Section 3 summarizes the standard ECM and prommsasireshold ECM for price discovery of
cross-listed pairs. Section 4 describes the daiscuBsion of the main estimation results and

multivariate regression analyses are presenteddtidh 5. We conclude in Section 6.



2. Information asymmetry and pricing of cross-listings

In this section, we present a model to illustrat@vhinformation asymmetry affects
equilibrium prices when a stock cross-lists on eeiffn exchange. Chen and Choi (2010)
previously extended the noisy rational expectatimnslel of Grossman and Stiglitz (1980) in the
following ways: firstly, a stock is fragmented assotwo cross-border exchanges; secondly
another type of market participants, arbitrageisradded to the mod2lWe expand Chen and
Choi’'s (2010) model by incorporating a quadratistdoinction assumed for all investors so that
the market is not friction-free, and by extendihgit model to a dynamic setup to embrace
multi-market price discovery.

Chen and Choi’s (2010) model is also closely relatethat of Chan et al. (2008), which
explains the persistent discounts in Chinese Beshddowever, in their model, A and B-share
markets are completely separated: domestic inv&stade in the A-share market and foreign
investors trade in the B-share market. There areanb@rageurs in their framework and all
foreign investors are assumed to be uninformecdetsadsiven the background of the Chinese
markets during their sample period, these assumgptioay be valid. In comparison, Chen and
Choi (2010) designs a model that prices crossifisti Candian stocks that trade simultaneously
on the NYSE and the TSX; and these two marketsiareompletely separated. Moreover, there
are informed traders not only on the TSX but alaale NYSE given its important role in the
global financial markets.

In our model, we also emphasize the role of arpétuas in pricing of the cross-listed stocks.

°Chen and Choi (2010) extend Grossman and Stigl{i80) noisy rational expectations model to shbat in
no-arbitrage equilibrium, under certain conditiottee premium of a Canadian NYSE-listing againstoitginal
TSX-listing is due to the informational dominandetloe investors on the TSX compared to those onNWSE.
Easley et al.’s (1986) probability of informed tiragl (PIN) measures the relative degree of privatermation on a

security by estimating the proportion of informatibased trades among all trades of the stock.
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Our solution of the general equilibrium prices sbothat supply shocks in one market can
spillover to the other side by cross-border arberg“arbitrage effect”). To some extent,

arbitrageurs carry risk across the border, therelycing supply shock risk (volatility) in one

market and increasing it in the other. In additi@mbitrageurs play a role in information

propagation: they can transfer some informatiomftbe market with a higher degree of private
information to the lower. We expect that the pideiation is negatively related to the intensity
of arbitrage activity.

We add dynamics to the static equilibrium modeladticed by Chen and Choi (2010), then
derive cointegration between the prices of a giess-listed pair. Based on an implied ECM,
we use permanent transitory decomposition per Gonaad Granger (1995) to extract the
relative contribution (information share) of eaclrket to price discovery. We expect that the
information share is not only directly related tee tmarket's relative liquidity, but also to a
relative degree of information asymmetry, which barempirically proxied for by the PIN.

2.1. The mode

In order to faciliate trades of the original ligimnd its cross-listing, there are two stock
exchanges: the TSX and the NYSE. We conveniently ius 1,2 to index the respective
market. There are three types of market particgammformed and uninformed traders, and
arbitrageurs. Informed and uninformed traders asMagde, whereas arbitrageurs only emerge
when arbitrage opportunities present themselves.filtber assume that there abg and N,
market participants who only trade on the TSX dreNY SE, respectively, ant¥; arbitrageurs
who trade in both markets.

Following Grossman and Stiglitz (1980), our onefeéatraders are of two types: informed

versus uninformed with respective proportions and (1 — ;) in marketi = 1,2. The



future payoff ¢) of the risky asset (stock) is uncertainsN (v, 62). Informed traders recognize
a signalS aboutv with random noise=,~N(0,02), such thatS = v + &. All variances are
expressed in precision terms in the following désion: z, = 1/02 and 7, = 1/02. The two
markets share the same risk-free asset with a e net return of which serves as the
common opportunity cost of capital. Each individean borrow at the risk-free rate) (to
purchase the risky asset.
The budget constraint of the model is as followeath market, in the beginning, tradef
is endowed with0 shares, and the exchange-specific aggregate sumplyhares isY;,
where AY;~N(0,07) is a random net supply from noise tradesdl traders share the same
constant relative risk aversion (CARA) utility furen with a risk aversion coefficienp) or a
risk tolerance parametey € 1/p):
VW) =e ¥, p > 0. (1)
Since all random variables are assumed to be niyrrdatributed, so is the wealttf).
With the CARA utility function, the investor’s olggve function can be written as
E(W|®) — §Var(W|cb), 2)
where @ is the information set of the trader.

The market is not friction-free, thus, we introduaejuadratic transaction-cost function:
cx?
Clx) === (3)
where x is the amount of risky asset. To begin with, wppsase that the two markets share the
same ratio of transaction cost
2.1.1. One-market traders

We first consider the demand function of the onek®@traders in each market. For

informed traders, they update their belief on thaure payoff based on private signals. We
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denote surprise in earnings signal &$= S — S. The prices of a given cross-listed pair are
bullish on a positive earnings shockS(> 0). We assume informed traders in both markets
observe the same private sigrfalregardless of their location. Upon receiving a resmmings

signal, their updated (posterior) earnings foreqdfv|S)) and updated earnings forecast

precision €(v|S)) are given by

E@]$) =7+ (=) as, 4)

Ts+Ty

Var(v|S) = Tsirv. (5)

Under the CARA utility function assumption, exchargpecific informed traderg’s
(j =1,2,---,N;) demand for shares in the markieis

EW|S) —pi(1+7)
pVar(|S) + ¢

G Cer ISR CetD)

= ' —p. (6)

x{,j pi"s) =

where pl=(1 +r)/( P

Ts+Ty

+ c) is the elasticity of demand and

u = {E + ( I )AS}/(l + r) is the reservation price of the informed tradenc8& we assume

Ts+Ty
all informed traders are homogeneous except foetitwwment, and the demand function does
not depend on the endowment, bgth and ! are the same for all informed traders in both
markets.

We now consider the demand function for uninforrtradlers who observe prices on their
respective exchanges and form their expectationfutofe earnings. Lep; and p, be the
equilibrium prices in marketd and 2. We postulate thaP; and P, are linear related to the

observables at each time such that



pi = @y + &P AS — afAY; — af AY_;. (7)

In the ensuing analysis, we verify that this conjex is consistent with the equilibrium
outcomes we derive. Compared to the original madeGrossman and Stiglitz (1980), our
formulation has additional terms,AY, and a},AY;, which reflect reponses to the supply
shocks from the counterpart market. For exampla,negative supply shock occures in market
2 then it decreasep,, and the negative price effect can be transfemé&a market1 since
arbitragers will buy the shares in market 2 andtskt the same number of shares in market
These simulataneous transactions can reduce sspplik risk (volatility) in one market but
increase it in the other.

The price function is not fully revealed to uninfeed traders due to existence of
unobervervable supply shocks and earnings surpridfesassume uninformed traders extract
information from the price on their respective exmhes only, which is reasonable since
uninformed investors cannot tell the informativenes$ prices so they only refer to the familiar

listings. Uninformed traders’ price-contingent ugedh (posterior) payoff forecas€(v|p;)),

updated payoff precision(v|p;)) and demand functions are, respectively, given by

Cov(v,p;)
E(wlp) = E R E(p:
(lp) = E(v) + Var (o) (pi — E(®:))
. Cov(v, ajo + a; AS — alAY; — af_;AY_) A
=7 ;
Var(az + aiAS — alAY, —al AY.) | D
74 { al (1/t,) }Ap-
(@)?(1/75 + 1/7) + (@{D?/1 + (@)*/72)
_ 1 TsT1To
=v+— Ap;
a;l (T,,Tlrz + 15Ty T, + hETsT,T, + hi23rsrlrv> P
— g4 (9T Al
=v+ P (Tv"'(biTS) Ap;, 8)



where

= Tatz =ala’S hi, =al/as
¢; = Titath Ty Ts e TeTs and hy; = a;;/a;, hiz = a;,/a; 9
and
Cov(v, p;)?
Var(@|p;) = Var(v) W
_1 {1 _ (@)*(1/7) }
o @)1/t + /1) + (@f)? /7 + (af)? /7,
_ 1 _ 1/7y
- Tu{ 1/TU+1/T5+hi22/T1+hi23/T2} (10)
or
— _ T1T27Ts _
t(vlp) = Var(vlp;) Tyt T1T2+hE T Ts+h25T1Ts =T+ diTs. (11)
Under the CARA utility function assumption, the demd function for uninformed traders is
U E(wlp;) —pi(1 + 1)
xi (p) =
pVar(lp) + ¢
— 1 OTE P
=i+ (2 ap - p @+ ()
{ afg Ty + GiTs Pi = pil )} Ty + ¢
=B (u{ — o) (12)
where
1 ¢i S
IBiU - {1 tr- a_ig (Tv+‘;irs)}/(fvf¢rs + C) (13)
and
U_)=_1/( & . _ 1 dits
K= {U afg (Tv""bi'fs) E(pl)}/{l tr ai‘g (Tv""bi'fs)}
v
== (14)
with
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o= (w05 (@) G/ U+ -5 G} @

i

A; can be shown to be zero in equilibrium, thus geervation price for uninformed traders
is % When the price i®; = v/(1 + r), there is no useful information regarding the sigia

for uninformed traders, thus they think there is eaynings surpriseA§ = 0). In that case,
uninformed traders will demand zero risky assettedatively, if p; < (>) v/(1+71),
uninformed traders will conjecture a negative (pws) signal from the observed price and they
will choose to sell (buy) the risky asset. We elsshlthe following proposition of the demand
elasticity of informed and uninformed traders.
Proposition 1. g > g¥ for i =1,2.
Proof. See Appendix B.

Proposition 1 tells us that the demand elasticitynbrmed traders is larger than that of
uninformed traders.
2.1.2. Arbitrageurs

We subsequently consider the demand function afrageurs, who are able to go long and
short in both markets. Suppose an arbitrageur haldsrtfolio ({B, x{!, x4}), where B is the

amount of the risk-free asset aig;!, x2) are the amount of a given cross-listed pair held i

respective markets 1 and 2, subject to the initidlth B, then we have

B =B+ pyxf + pyxs + %c(xf‘)2 + %c(xé‘l)z. (16)
The future wealth will be

W =1+7)B+ v+ x3)
=v(xf +xH)+ (1 +71) {E — Pyxft — Pyxd — %c(xf‘)2 — %c(xﬁ‘)z}. (17)

Under the CARA utility function assumption, the iadgeur’'s objective function can be
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written as
_ E — B _ A _ A _ 1 2 _
E(W) > Var(W) = (1 +1r)iB — Pix{ — P,x3 c(xl) c(x )2

+EW)(x{ +x§) = SVarw) (xf! + x§)2. (18)
We also assume that arbitrageurs use a perfedatiyeloestrategy so that their short position

equals their long positionx{ (P, P,) + x4 (P, P,) = 0. Under this condition, the demand

function of the arbitrageur is
x{l(Py, Py) = —x4 (P, Py) = 222 (19)
The aggregate demand of arbitrageurs is
X{(Py, Py) = —X£(Py, Py) = Ny P22 = A, — p)), (20)
3

where g4 = Z—C is the aggregate demand elasticity of arbitrageurs

2.1.3. Market equilibrium

The market clearing condition for each excharigs given by
T2 Ax (01, ) + Ty o en AxE (P, S) + B4 (P2 — p1) =AYy, (21)

YU M) (02,8 + X2y w1 AxY (02, S) + BA(p1 — p2) = AY,. (22)

By plugging demand functions of informed and uninfed traders, we have

N, B (W' = p1) + (1= m)N By (Ui — pa) + B4 (p2 — p1) = AV, (23)

N B (W = p2) + (1 = m)NL B (43 — p2) + B4 (1 — p2) = AY,. (24)
We define

D; = B'myN; + pY(1 — )N, and D, = BY (1 — )N, + B, Ny, (25)

= {uf 7 (1 — m)Ny + p! iy N3 /(B ey Ny + 7 (1 — )Ny, (26)

po = {u3 B3 (1 = mp)Ny + B!y Ny} /(B (1 — mp) Ny + Bm, N} (27)
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Notice that D, and D, are the aggregate demand elasticities in marketand 2,
respectively. u; and u, are weighted respective averages of the resenvptioes of informed

and uninformed traders.

Sinceu! =v/(1+r)—2; and u! = {5 + ( Is )AS}/(l + 1), we have

Ts+Ty

_ = 1 Ts BlmyN, _ By (1-m )Ny
p=v/(1+1)+AS (1+7) (t5+7y) {51n11v1+ﬁ{’1v1(1—n1)} A {ﬁ’n1N1+B£’N1(1—m)}’ (28)

= 1 T5 Blm,N, _ BY (1-m,)N,
2 =V/(1+7)+AS (1+7) (Ts+7) {B’nzNz"'ﬁgNz(l—nz)} A2 {B’n2N2+B£JN2(1—n2)}' (29)

According to Easley et al. (1997a,b), the PIN s gnobability of a random-chosen trader

being information based, thus we define

— BlmiNy
PINy = BlmyNy+BY N, (1-7,)’ (30)

— BmaN,
PIN, = Blma Ny + B3 Na (1-12)" (31)

Let h = = T:T 5 measure the precision of the signal. Largemmplies a more informative

signal. With the above notations, we simpligy and u, as
= - @ + RPIN;AS) — 4, (1 — PINy), (32)
Hz = —= (U + hPIN,AS) — (1 — PINy). (33)

The equilibrium prices for two markets are deriasd

— H2B?/Di+pa (1484/Dy)  (BA+Dy)AY; +B4AY, (34)
P1 (1+B4A/D,)+BA/D, D,D1+BA(D;+D,)

— 1184 /Dy +uz(1+84/Dq) _ (B4+D1)AY, +B4AY; (35)
P2 = = Q3 pa/p,)+pA/D, DDy +FA(DDy)

By plugging in the expressions for; and u,, we get

A2(1=PIN3)B# /D1 +A; (1-PIN1)(1+B4/D,)
(1+B4/D)+B4/D;

p1=v/(1+71) -
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ke {PINZBA/D1+P1N1(1+BA/Dz)} _ (BA+Dy)AY +BAAY,
(1+7) (1+B4/D1)+B4/D, D,D,+FA(D,+Dy)
and
by =T/(1+1) A (1 = PIN,)B4 /Dy + 2,(1 — PIN,)(1 + B#/Dy)
2 = —

(1+p4/D1) + B4/D,

h {PINlﬁA/D2+PIN2(1+[)’A/D1)} _ (BA4+D1)AY,+B4AY,
(1+7) (1+B4/D1)+B4/ D, DzD1+BA(Dy+Dz)

+AS

Letting the above two equations be equal to theslirtonjecture model,
pi = Qjp + aiAS — af AY; — a¥,AY_;,
yields

A2(1—PIN3) B4 /D1 +2,(1-PINy)(1+54/D;)

A =v/(1+7r)—

1+p4/D1+B4/D, ’
oS = h {PINZDZBA+D1PIN1(D2+BA)}
L7 a+n D;Dy+BA(Dy+Dy) ’
Y _ (B4+D,)

a e —— Y
117 p,Dy+BAD1+D;)

A
P A s—
12 D,D1+BA(D1+D5)

_ A _ A
Ay = /(1 +7) _ AM(A—PIN,)B” /Dy +22(1—PIN;)(1+B”/Dy)

1+B4/D1+B4 /D, ’
s _ h  (PIN;D;B4+D,PIN;(D1+5%)
a; = " ,
(1+r) DDy +B4(D1+D3)
Y B4

a¥Y, = ——— -
21 D;D1+BA(D1+D;)

(B4+Dy)

af, = —F T
22 D;D1+BA(D1+D5)

Since

(o) e 32

i

14

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)



where

_ i diTs _i diTs
ei N (“i1) (Tv+¢iTs)/{1 tr aiq (Tv+¢iTs)}' (48)
thus
_ _ [(2(=PIN2)}(B*/D1)+{A, (1-PIN,)}(1+B*/D3)
M = [ 1+B4/D1+BA/D, ] 01, (49)
_ [ =PINy)}(BA/D2)HA2(1=PIN;)}(1+84/D;)
A2 = [ 14B4/D1+BA/D, ]92' (50)
Solving 4; = 4, = 0 gives
= —— @ + hPIN AS), (51)
tz = — (U + hPIN,AS). (52)

u, and u, are the market-expected values of the cross-lipd traded on respective
exchangesl and 2; they are the sums of the present values of ungondl expected
fundamental value and a premium/discount due toirgs surprise AS) magnified by the
relative degree of private informatioRI(V). When the signal is more informative, with a fegh
PIN, we have a higher (lower) market expected valua foositive (negative) signal.

We can subsequently solve the expressiona;ofa; a); and af, based on the following

Six equations:

s _ h (B'maNyBA+B Ny (D +B4)

ay = (1+r){ DyD1+BA(D1+D5) }‘ (53)

(XY — (ﬁA+D2) (54)
1 D,D1+BA(D1+D;)
Y _ B4

12 = DDy +B4(D1+D;) (55)
s_ h Bl Ny BA+B T, Ny (D1+B4)

az = (1+r){ DyD1+BA(D1+D5) }’ (56)
vy Bt

%21 = 5,0, +BAD 1D 7
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Y _ (BA+Dy)
%22 = Dy D1+BA(D1+Dy)’ (58)

Firstly, a}, and a); are symmetric and they reflect the interactivegiimpact of supply
shocks from each other. Also notice that!, < af; and al, < a),, which implies that the
interaction effect is smaller than the price impafca supply shock by itself. Secondly; and
a5 measure the price sensitivity to private informatilt can be shown that the degree of price
sensitivity is directly related to a weighted aggaf the PINs of the two markets. See Appendix
B for numerical solutions for all coefficients dfet price function.

Given the expressions of two equilibrium prices,c@a calculate the dollar premium of the
cross-listing on the NYSE against its originaliigton the TSX as

_ _ Uy — g AY; /Dy — AY, /D,
P2 =P =1 BA/D, + B4/D, " 1+ BA/Dy + pA/D;

— AS (L)( PIN,—PIN; )+ AY;/D,—AY, /D, (59)

1+r/ \1+84/D,+B4/D, 1+B84/D,+B4/Dy’

Next, we discuss the dollar premium,  p,) with respect to the value gf4.
Case I: B4 = o, i.e. the market is perfect and there is no tramsaaost ¢ = 0), or
arbitragers have an infinite demand elasticitye can showp, —p; = 0, thus the efficient

market priceq,) is

—p, =p, = _h_\ (PIN2Dz+PIN1D,) _ AY1+AY,
P1=P2=Pe =0 HAS (1+r){ Dy +D, } (D14D3)" (60)

Casell: 0 < 4 < oo, i.e. there are limits to arbitrage, thus

—AS( h )( PIN, — PIN; ) AY; /Dy — AY, /D,
P2 = P1=2\157) 1+ g4/D, + g4/D,) " 1+ B4/D, + BA/D,
- 1+B4/D1+B4 /D, '

Caselll: g4 =0, i.e. two markets are completely separated sattieat is no cross-border

arbitrage, thus
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P2 —p1 = AS () (PIN; = PINy) + AY, /Dy — AY,/D,. 62)

In conclusion, we can see the dollar premium onNN&E-cross-listing against its original
TSX-listing is largest in the absence of arbitra@ee price spread is negatively related to the
demand elasticity of arbitrageurs, or positivelyated to the transaction cost, and these
predictions are consistent with the empirical firgi of Gagnon and Karolyi (2010).

2.2. Price discovery and information asymmetry

The noisy rational expectations model presentegkiction 2.1 describes a static equilibrium
relationship between the two prices of a given &fliged pair. However, in order to faciliate a
better framework in the time-series analytic coftethe equilibrium model must be
supplemented with evolution of the market reseorapricesu, . and u, ;. Following Garbade
and Silber (1983) and Kyle (198%)we assume that the dynamics of, and pu,, are
determined as
Pat = H1e-1 + RPIN;AS, + &y, (63)

Uzt = Uz,e-1 + RPINIAS, + &3¢, (64)
where AS; reflects new information signal arrival betweenigeés t —1 and ¢t. AS; and ¢;
are assumed to be stationary processes,uapdand u,, are random walks. Moreover, after
market clearance at the end of the period 1, p;;_, is the reservation price for every trader in
marketi, thus we have

M1t = P1e-1 + APIN;AS, + &4, (65)

Uzt = D2,t-1 + hPIN;AS; + &5;. (66)

®Kyle (1985) assumes the expected value of secemityitional on the information set at tinte
me=my_ 1 +yQV: +e
where y is the price impact (inverse market depth) paraméf, is trade size and, is trade sign (+1 if buy, -1

sell); e, is the public information signaly is used to capture the effects of asymmetric mfdion.
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According to the previously worked out solutions éguilibrium prices, we have

_ w2t (BA/D1)+u1, (1+54/Dy) _ (BA+D;) AV +BAAY,, (67)
PLt = = 4gA D) +BA/D, D,D1+BA(D1+D;)
_ e (BA/D2)+iat (1484/D1) — (BA+D1)AYy+BAAYy, (68)
P2t (1+BA/Dy)+B4/D, DD, +BA(D,+D;)
By plugging, they arrive at
(P1,t) _ (1 —aq, a) (P1,t—1) (1 —aq, a) (AYlt/Dl + hPIN,AS, + £1t> (69)
pz,t - b, 1 - b pz,t—l b, 1 - b AYZt/DZ -+ hPINlASt + €2t !
where
_ B4/Dy
4 = T3pA/D 464D, (70)
_ B4/D,
" 1+BA/D1+B4/D;’ (71)

A resulting VECM can be derived by subtracti(lgl,t_l,pz,t_l)T from both sides:
A -4, = —aQ,
(apr) =620 G + (1 25) ()
= Cab (7 2) Gri) + G 25 ()

= (=a,b)" (P11 — P2e-1) + (ll); i’ Z) (511:). (72)

&2t
Since p, ¢ and pu,, are assumed to be random walks, it can be shaatrbdth pricesp; .
and p,,, are unit root processes, thereby the above VE@Sktrbes short term dynamics
toward the long run equilibrium given the cointdgrg vector (1,—1). The short term
adjustment coefficients are and b for prices p;, and p,., respectively, which reflect
response to a deviation from the long run equilitorin each market.
When g4 # 0, we can apply the permanent transitory decompositier Gonzalo and

Granger (1995), to the above VECM. The permanentpoment is a linear combination of the
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two prices, §; ¢, p2.), formed by a scaled orthogonal vector of the adjest coefficient vector,

(a, b):

fr = ﬁpu + a;:_bpz,t- (73)
Now that

b _ BAJ{BYN,(1 — 1) + B'm, Ny}
a+b  BAJ{BYN,(1 —m,) + BIm,N,}) + BA/{BImy N, + BUN, (1 — 1)}

_ B'miN, + BN, (1 — 1)
{BIN,(1 — my) + B'my Ny} + {B'my Ny + BY Ny (1 — m)}

__D
~ D;+D, (74)
and
a _ DZ
a+b  Dy+Dy’ (75)
we have
B b N a
ft_a+bp1,t a+bp2't
_ h  PIN,D, + PIN,D, AY;, + AY,,
=7,/(1+7)+AS —~
v/ A1)+ AS S T b, 5 D, (D, + D,)
= pi. (76)

Notice that the derived permanent componeif) (s the price under the condition that
p# - oo, i.e. under the perfect market assumption. AccgrdinHarris et al. (1997, 2002), the

information share for each market is:

(77)

a+b - D1 +D2’

a D,
a+b Dy +D2‘

IS, = (78)

where IS; and IS, reflect the relative contribution share of eachh@nge-specific price to the
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permanent componehtHasbrouck (1995, 2002) and Figuerola-Ferretti @Godzalo (2009) find
b= N, and a = N,, thus they view information shares as fractions tiké number of
participants in respective markets: the informatgirare is positively related to the relative
trading volume. However, they elicit their resulisuming that all market participants are
informed, m; = m, = 1, which is a special case of our general solutlaitsout as the following
propositions:

Proposition 2. Given PIN; > PIN, and N; = N,, we have IS; > IS,.

Proof. See Appendix B.

Lastly, we discuss the convergence speed of the rmadket prices to their long run
equilibrium. One can conjecture an AR(1) model gsihe price spread and the first order
coefficient is taken as the measure of convergspeed to the equilibrium parity.

Ap; = 6Api_q + &, (79)
where Ap; = p;; — p2:- According to Garbade and Silber (1983),can be expressed as
6=1—a->b

_ B4 /Dy B B4/D,
1+ p4/Dy+p4/D, 1+ p4/Dy+p4/D,

1
"~ 1+BA/D1+BA/D;

(80)
We present the following Proposition 3 on the cogeace speed without proof.
Proposition 3. The demand elasticity of arbitrageurs g4 has no direct relationship with the

information share of each market, but it is positively related to the short term convergence speed

é.

" See Figuerola-Ferretti and Gonzalo (2009) fortailéel procedure in extracting the information shiar two
closely related markets.
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3. Error correction models

In order to empirically implement the noisy ratibeapectation model presented in Section
2, it has to be re-rendered in the time-seriesecdrity establishing an appropriate econometric
platform. We begin with the existing linear ECM fprice discovery, followed by a bivariate
threhold ECM to reflect the regime-switching pattef cross-border arbitrage on cross-listed
pairs.

3.1. Sandard error correction model

For any firm i attimet, let p} and p}, be the prices of its listings on the NYSE and the
TSX, respectively. The law of one price enforcestpan the long run:
pit = WiXDip (81)
where w; is the home-host bundling ratio and is the foreign exchange rate at timeAs it is
the case for most TSX-NYSE cross-listed pairs, dgt=1. The U.S. $-denominated
parity-implied price of the cross-listing on the SF is
Py = WiXeDir = XeDie- (82)

In reality, we almost always observe a spread batvike two prices due to various market
forces. Cointegration is an appropriate conceptetecribe the long-run relationship between the
pair of prices. The two security prices are coirdégd if, by definition, their long run linear
relationship is stationary, i.e. a significant d@gidn is shortlived. Empirically, cointegration
can be verified by testing the deviation time seft stationarity. Given a cointegrating vector

((1,—1)T), define the dollar premium on the NYSE-listing iagaits original TSX-listing as

Kit = pg - ﬁ;l; (83)

8A group of multiple random-walk processes is cajra¢ed if, by definition, there exists a stationdiryear
combination of the processes.

°A time series is (weakly) stationary if the probiapiaws (of up to the second moments) are timeaifant.
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The first time-differences of the two price seraes
Apii = pit — Pli-1 and APy = Pir — Pir_1- (84)

Engle and Granger (1987) and Engle and Yoo (19B@4hat if a pair of time-indexed
random variables, say) and p}, are cointegrated, the short term dynamics oftdhe time
series can be represented by a bivariate ECM. Tifoe eorrection mechanism assumes that a
fraction of the deviation of a period will be su@aently corrected. A standard ECM for the
bivariate cointegrated system of the cross-lis@d gan be structured as
Apli = B3 + aNky_4 +Z ﬁJNAPw -j +Z ﬁjNAplt —jr (85)

APl = Bo + aTie_s + Z ﬁ]TAplt -t Z ﬁ]TAplt —jr (86)
where k;._,; gives the remaining cross-listing dollar premiunteintegrating residuala™ and
a’ are the adjustment coefficients of the NYSE anxd tsspectively, that describe how much
deviation will be subsequently adjusted to restbeslong run equilibrium in each series. Per the
Granger Representation Theorem, if p} and pl. are cointegrated, then at least onexdf and
a™ must be nonzero. In other wordsyy or P}, or both, will adjust fractionally to restore gatri
in the long run.

Harris et al. (1995, 2000) propose to use the E@Msament coefficients to estimate the
relative extent of exchange-respective contributionprice discovery (information share) of
shares whose order purchases are fragmented awuitgsle markets. For a Canadian company
originally listed on the TSX and cross-listed oa thYSE, the proportion of the adjustments that
took place on the TSX out of the total adjustmeisurred on both exchanges is the share of the
home exchange in contribution to setting the lamg-requilibrium price as a result of
synchronous cross-border stock trading. In an edrease where there is no feedback from the

NYSE such thata™ = 0, then the NYSE has no contribution to price dissgvof the
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cross-listed pair. Eun and Sabherwal (2003) furthefime the respective information shares of

the NYSE and the TSX as

T N
ISN El'“—' and 15T = la (87)

aT|+|aN]| JaT|+|aN[

Supposepl_, < pL_, in the previous periodt & 1), then a likely scenario to reduce the
gap between the two prices i} increases oip;. decreases, or both. In this case one can
conjecture thair™ is non-positive andxN is non-negative. There are two other possibititigés
pl_, decreases byf,_, decreases more; or (2}\_, increases bupl_, increases lesS.
As Eun and Sabherwal (2003) mention the latter dwttomes are very unlikely, so they are
excluded from our study. One can analogously desigmmilar adjustment mechanism to show
that T is non-positive andt™ is non-negative for the symmetric situation whep , >
Dit—,- Therefore, we define the exchange-respectivernmition shares of the NYSE and the
TSX as

SN = 1ol
~ laT|+aN

and IST = -2, (88)

An implicit assumption is that convergence to paistlinear and present in all periods. That
is very restrictive given the various market pdying factors in practice. Adjustment may
neither be linearly smooth nor be occurring at yweoment. Only when the deviation parity
exceeds the transaction costs plus other risk pires)i will arbitrageurs act to take a short
position on the dearer side and a long positiorthenother end. Otherwise, the two prices are
unleashed to diverge: the relative premium camo¥ola near-unit root process. As Krugman
(1991) notes, the long run parity relationship camain inactive within a range of

disequilibrium before it becomes active when thstay crosses the boundaries of allowed

These odds may reflect the underreaction to therimdtion share of the market. When information ipcation

takes multiple periods, the price adjustment shpeldist unilaterally during then.
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fluctuations (thresholds). We subsequently develojphreshold ECM to describe the discrete
adjustment mechanism of relative premiums.
3.2. Threshold error correction model

In reality, the market is imperfect due to variossurces of market friction such as
transaction costs, direct and indirect trading ibesr etc. We lety; measure the sum of
transaction costs and risk premiums required frobitrageurs. Arbitrage opportunities exist
when
Kit =Py — Dz < —Vi OF Kit > ¥;, (89)
which becomegk;;| > y;. Transaction costs of cross-border arbitrage sbri the bid-ask
spreads of the prices on both exchanges and thagfoexchange rate, fixed costs, and liquidity
shorfalls. Chen and Choi (2010) find the relativerpium of a Canadian cross-listing on the
NYSE, on average, includes an adverse-selectiok piemium due to the cross-border
imbalance in private information on the issuingrfirAlong with the asymmetric information
component, macroeconomic factors, such as GDP bratés and interest rates, may also affect
the determining of the threshold.

Now, cointegration betweep}} and p;,_, is dormant with a range of disequilibrium but
the error correction dynamics becomes active oheectoss-listing dollar premium sufficiently
digresses from parity beyond the threshold. Balked a&omby (1997) propose this
regime-switching mechanism akreshold cointegration. Accordingly, k;; is factored in the
following threshold autoregressive (TAR) framework:

®out + Pout Kie—1 + & if [Kie—1| > i
Kit = ) (90)
Ain + Pin Kit—1 + &, if |k q| S 3

where p;j, =1 and —1 < pyye < 0, i.e. the dollar premiumk(;) of the cross-listing is a unit
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root in the (unprofitable) middle regime whéer;;_,| < y;, otherwise a mean-reverting process
in the (profitable) outer regime whem;;_;| > y; with the presence of arbitrageurs. Although
the cross-listed pair with a TAR feature is coimétgd, the implied error correction dynamics is

neither linear nor time-continuous:

Bio + aduekic—1 + Z}n:ll ﬁ{\lepl!\tIE—j + Z;nfl ﬁijAﬁiTt—j' if [Kkie—1] > i
Apjy = , (91)
m m A ~ .
B2 + alykeie—q + sy BYApY_; + Xt BYidB—j if |rcie—1] < Vi

530 + Qouekie—1 + Z;'nzll 51TjAP%\1]:—j + Z;n:zl EfjAﬁgr—j; if |1 > vy
ApY = . (92)
m m A ~ .
Blo + ainkie—1 + s B2;Apl-; + X B2ibp—j, if || < v;

In the middle regime whel;:_,| < y;, there are neither market forces nor arbitrageurs
sustain cointegration of the pair of prices. Inestiwords, unless the pair shows a significant
price gap exceeding the threshold minimum profite tadjustment coefficients are zero
(a) = & = 0) and, thus, neither pricg} nor p;._,) appropriately reflects the risks. Given
that the outer regime typically determines statiipaof a TAR process, we define the
information share, or the relative measure of d¢buation to price discovery, for respective

market using the outer regime coefficient estimatés,, and al,,):

— _ lagyl __
ISN = TO—utN and IST = TO—UtN. (93)
[@out|+out |@out|+out

A large deviation (outer regime) is believed to rhere susceptible to new information,
either public or private. In contrast, a small d#an (inner regime) can be due to noise trading
and, consequently, there is little connection betwgrice discovery and error correction

dynamics. Our threshold ECM ideally incorporateshsa dichotomy while the predecessor

MEun and Sabherwal (2003) estimate the adjustmesfficients in every period using a linear ECM foliag
Harris et al. (1995).
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linear ECMs may overestimate the information shaten there is no cointegration in the
unprofitable inner regime. See Appendix A for aailetl estimation procedure and significance
testing of the parameters of interest in the thokesECM.
4. Data

56 TSX-NYSE pairs are identified through the sampdgiod: January 1, 1998, through
December 31, 2000. In order to estimate asymmetficmation and market-friction measures,
high-frequency data are required for the sharebsted on the TSX and the NYSE, and the
U.S.-Canada exchange rate. Accordingly, the tickidlytrade and quote data for the TSX-listed
Canadian stocks and the Trade-And-Quote (TAQ) détéheir cross-listings on the NYSE
through the period are used. The exchange ratadenyr data was purchased from Olson &
Associates.
4.1. Cointegration analysis

We first examine whether pairs of times serieslenTSX and the NYSE price series are
unit roots or not. We use the augmented DickeyFukbr's (1981) (ADF) test, which considers
lagged first differences of time series in the dp=ation. If the test statistic is too large, thee
reject the null hypothesis of unit root and coneltldat the time series is stationary. As a result,
the null hypothesis was rejected only for four ouL68 firm-years, at a five percent significance
level. Thus, we conclude that both price seriesunsample are, overall, first-order integrated
(I1(1)) or unit units.

We subsequently examined, using Johansen’s (198d4f) to see if there was any
cointegration between the two price series. Wengdidinclude the S&P TSX Composite and the
S&P 500 indices (market indices of the TSX and NSE, respectively) in the cointegration

system since Eun and Sabherwal (2003) find thateStenated coefficients of the two index
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series are statistically insignificant. Since wedavo price series in each regression equation,
there is at most one cointegrating vector. We eg8oh the cointegrating vector for each
cross-listed pair in each year. Our results shat mhost of the estimated cointegrating vectors
are (1,—1)7, which is the expected values according to the ddwne price. Table 1 reports
summary statistics of the normalized estimatiorthef cointegrating vecttt for pY and p},
and the-statistics for the null hypothesis attest thatdbimtegrating vector equailgl, —1)7.

[Insert Table 1 about here.]

In Table 1, we see that the median of the normadle&timates throughout the sample is
(1,—17) which confirms that the Canadian cross-listedspnd to follow the law of one price
and are, therefore, cointegrated. Given the estighatointegrating vecto(bN,—1)", the
estimated cross-listing dollar premium g, = bNp) — pE. We, then, tesi,, for stationarity
per the ADF test and find that only 3 out of 92 pls do not reject the null hypothesis of unit
root. Thus, we conclude that there the TSX-NYSEsisted pairs are cointegrated.

4.2. Nonlinearity test

The law of one price suggests that two market prfoe the same stock should not drift far
from each other. This relationship is confirmed thg cointegration analysis in the previous
section. However, linear adjustment dynamics isnsatessarily prescribed by market efficiency
assumptions. In this section, we examine possildelimearity in the course of short-run
adjustment dynamics to long-run parity equilibrium.

Given various market frictions, such as transasti@mosts and short sale limitations,
arbitrage forces achieving a long run equilibriuepend on the magnitude of price deviation

between two prices. Thus, it is more likely thananlinear model, such as the threshold

2Normalized such thab™ = —1.
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cointegration model provides a better descriptiba practical trading environment. We begin

our analysis by considering the symmetric bivarthteshold ECM model (introduced in Section

3.2.) by normalizing the cointegrating vector at(d" =1). We use Akaike’'s (1974) and
Schwart’s (1978) Bayesian information criteria tooose the number of lags, and consistently
choose the lag length of Im(=m, =1). The model is estimated by the maximum likelihood
method described in Appendix A. We estimate thevaboodel in each quarter for each pair and
the results are reported in Table 2 Panels A, B,Gn

[Insert Table 2 Panels A, B, and C about here.]

Table 2 Panel A reports summary statistics of threrecorrection parameter estimates

(@d..ah,ai..al) and the associatdestatistics. In general, we find thatr,, is larger than

a,, which implies a faster convergence rate in theotggime. Moreover, it appears that the
threshold effect is more likely to take place oa T&6X.

Panel B exhibits summary statistics of the thredhedtimates. To assess evidence of the
threshold effect, we apply the super-Lagrangiantiplidr (supLM) test for both cases of
cointegrating vectors. Thevalues are computed by the parametric bootstrapodesuggested
by Hansen and Seo (2002). From the table, we fiatithe respective means of supLM for both
cointegrating vectors (22.321 and 21.983) are e@yge to their respective 95% critical values
(22.075 and 22.090), which implies that we can almeject the null hypothesis of no threshold
effect. It is not surprising that we did not findysficant threshold effect in some quarters for
some stocks since it is possible that we did natepke any price deviation exceeding the
threshold value, for certain cross-listed pairsquieed by arbitrageurs in those quarters.

Alternatively, even though the price deviation &ry large, there can still be an absence of

arbitrageurs surrounding such pairs due to poaridity or high transaction costs. In sum, the
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SupLM test further shows that there are threshifétes in the short-run adjustment procedure.

We further tested the threshold effect in the lomg in Panel C using the Wald statistics.

Waldecw gives the Wald statistic for the joint null hypeslis: H,:a),=a; and a.)

out out = Qi
while Waldhc gives the wald-statistic forH,: B} =8, B =B, B =By, and B = ;.
The results show that there are, on average, thice®ifects in both the error correction and
short dymanic terms.
4.3. Dataset construction
4.3.1. Microstructure measures

Unlike the NYSE, which is a specialist-based auct#xchange, the TSX is an electronic
exchange, which uses a Central Limit Order Book@Bl. system, where orders are required to
be posted in the book to be valitiBy studying decrements in the inside depth on side of
the quote that correspond to uncommon trade sgesh(as a trade of 1,300 shares), matching
trades with prevailing quotes with a five-seconddléLee and Ready, 1991) is reasonable: a
trade is considered buyer-initiated if it is highttan the five-second earlier mid-quote, and
seller-initiated if lower:*

We construct the preliminary datasets for estinmatibthe PIN following Easley et al. (1996,
2002). The NYSE-resident specialists are centrahéotheory of the PIN (Easley et al., 2001;
Duarte and Young, 2008). There are official markekers, known as registered traders, on the

TSX whose function is akin to that of the NYSE gphksts. Thus, a comparison of trade

3We owe this comment to Daniel Weaver. See Eun aith&wal (2003) for a detailed institutional conigam
between the TSX and the NYSE.

15ee Schultz and Shive (2008) for trade misclassiin of the TAQ on the NYSE which becomes sevéter a
2000.
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informedness on the two exchanges by the PIN imddeppropriaté
4.3.2. Panel data for regression analyses
We construct a panel data for regression analyseg®a@stimates of information shares and
thresholds with columns of various indices, depehdeariables, explanatory variables, and
control variablesSymbol is the NYSE ticker of a TSX-NYSE cross-listed paear is the year
index of an estimated valulksLin is the information share estimate of the NYSEHarris et al.
(1995, 2002)I9n is the inner-regime information share estimatthefNY SE.
® Dependent variables. 1sOut is the outer-regime information share of the NYSE.
Threshold is the U.S.$-denominated threshold estimate.
® [Explanatory variables. PinRatio is the ratio of the PIN of the NYSE over that bét
TSX. PINAvg is the average PIN of the NYSE and the T&¥Diff is the difference
between the PIN of the NYSE and that of the TSXeadRat is the ratio of the relative
guoted bid-ask spread of the NYSE over that of T&X. SoreadAvg is the average
relative quoted bid-ask spread of the NYSE andltb¥. SoreadDiff is the difference of
the quoted bid-ask spread of the NYSE over th#t@fTSX.
® Control variables. USVol is the average daily trading volume of the NYSE afuboth
the NYSE and the TSX following Eun and Sabherw@0@). VolAvg is the average of
the log-transformations of average daily tradinguate measures of the NYSE and the
TSX. VoIDiff is the difference of the log-transformation of eage daily trading volume
of the NYSE over that of the TSXJsDollarVol is the average daily dollar trading
volume of the NYSE out of both of the NYSE and T&X. DollarVolAvg is the sum of

log-transformations of average daily dollar tradiajume measures of the NYSE and

5We owe this comment to Lawrence Kryzanowski. SekeFwan Ness, and Van Ness (2008) for difficidtia
estimating the PIN for Nasdaq trades.
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the TSX. DollarVolDiff is the difference of the log-transformation of mage daily
dollar trading volume of the NYSE over that of (h®&X. NoteAvg andNoteDiff are the
average and difference of the U.S. and Canadasyed®-Treasury Note yields,
respectivelyBillAvg andBil I Diff are the average and difference of the U.S. ancdde
90-day Treasury bill discounts, respectivalfglatAvg andVolatDiff are the average and
difference of the U.S. and Canadas’ market indaxmevolatility, respectivelyGdpAvg
andGdpDiff are the average and difference of the U.S. ané@dzs) GDP growth rates,
respectivelyGovernance is the Report on Business governance index of @landirms
published byGlobe and Mail (McFarland, 2002)Industry equals one if the cross-lister
iIs a manufacturing firm, and zero otherwiSeze is the normalized average market
capitalization on the TSX and the NYSE.
5. Empirics
5.1. Estimation
The PINs for TSX- and NYSE-listed Canadian stodksestimated following Easley, Kiefer,
O’Hara, and Paperman (1996) and Easley, Kiefer @itdiara (1997a,b). Further, we adopt
Easley, Engle, O’'Hara, and Wu’'s (2008) log-liketidofunction specification for improved
numerical stability in computing the the PIN. Thd-bsk spreads are adjusted by the mid-quotes
and, thus, measure the relative discrepancy betbigeand ask quotes free from the exchange
rate. Following Eun and Sabherwal (2003), the noois of U.S.-Canada exchange rate bid and
ask quotes are updated every minute. The bid dndiades of the NYSE-listed Canadian stocks
are matched with their previous minutes’ excharge quote mid-points.
Based on, unreported, ten-minute frequency relgreeniums of 56 cross-listed pairs traded

throughout the sample period, the arithmetic méta@m,median, and the standard deviation are
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0.00306, 0.00004, and 0.03031, respectively. Treeame relative premium of 30.6 basis points
with a 3.03 percent volatility is a statisticallysignificant deviation from parity. This suggests
the extent to which Toronto and New York are inggd.Chen and Choi (2010) report that a
higher PIN on a stock listed on the TSX, on averagassociated with a positive premium on
the cross-listed stock traded on the NYSE: thetpesbut small average daily relative premium
is a result of cross-border imbalance in privaterimation.

We first employ a linear ECM to estimate adjustmeaqgfficients following Eun and
Sabherwal (2003). The estimated coefficients amensarized in the first column, Table 3. Eun
and Sabherwal’s (2003) sample period is Februaguth July, 1998. Their estimates of the
information share of the NYSEISN) range from 0.2% to 98.2%, with an average of 38.1%
They conclude that price discovery for most crost®dl pairs occurs on the TSX, but there is
also significant feedback from the NYSE. Our resuiased on a longer sample period are
consistent with their results: the estimated infation shares of the NYSES(") range from 1%
to 97.5%, with a mean of 40.7%. There is no disalelentrend over the sample period as the
yearly estimates ofSN in 1998, 1999, and 2000 are 0.45, 0.48, and 0:@8pectively.

As we emphasized in Section 3.2, the threshold E@ddel purports to yield less biased
estimates of information shares. Based on estimtditeouter regime adjustment coefficients via
the bivariate threshold ECM (Table 2 Panel B) aheirtassociated information shares are
reported in the subsequent columns, Table 3. Ttimaed information shares of the NYSEN)
range from 2% to 94%, with an average of 43.5%. @amed to the results from the linear ECM,
overall, the NYSE makes larger contributions to fee discovery. There appears to be an
upward trend effect through the sample period asntiedian estimates dgN in 1998, 1999,

2000 are 0.435, 0.51 and 0.54, respectively. Tha daveals that, over time, the NYSE gained
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influence on setting equilibrium prices of the a«disted pairs. In Table 2 Panel B, the estimated
thresholds ¥;) range from 0.009 to 0.545 with a mean of 0.14@t is, when the cross-listing
dollar premium/discount records more than 14.6 er@spectively, arbitrageurs begin to take
positions on both sides and drive the deviatiorklaio the “no-arbitrage” band.

After considering the threshold effect, we find soavidence that, the information share of
the NYSE in the outer regime is larger than initiveer regime. One possible explanation is that
informed traders choose to trade on the TSX wherptite deviation is small but they migrate
to the NYSE if the deviation is large enough to pemsate for the cost of changing trading
venues.

5.2. Regression analyses

Figuerola-Ferretti and Gonzalo (2009) model andsuesaprice discovery on the NYMEX
and IPE crude oil markets. The two contract prm@snove relatively closely, but transportation
costs and grade differences pose potential diffesilin determining arbitrage opportunities.
They investigate two interesting questions: (1) Hbves arbitrage ensure adjustment to the long
run path given location and grade differences 2 @) Which of the markets is the market
leader, or the most important contributor to pdcovery?

5.2.1. Regression of the information share

We construct a panel data to analyze the factatsatffiect the relative extent of the NYSE's
contribution to price discovery. The estimated outgime information shares are regressed
onto the panel of explanatory and control variabiis and without intercept in Panel A and
Panel B of Table 4, respectively. It turns out tha contribution of the NYSE increases
relatively against that of the TSX as the NYSE-basades become more informative (PIN).

This is cross-border evidence that informed trambedribute to fostering price discovery, in line
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with Chen and Choi (2010). Either in quantity oluea the higher the liquidity on the NYSE the
more it leads in price discovery. This is consisteith Eun and Sabherwal’'s (2003) findings:
they estimate the information share of the NYSEibyng Harris et al.’s (1995, 2002) approach.
They find that the information share is directliated to the U.S.’s share of total traditgSyol),
the proportion of informative trades on U.S. exdesmand the TSX (confirmed as proxied by
the PIN), and the inversely related to the ratibidfask spreads on U.S. exchanges and the TSX,
which is not discernable in Table"% A better investor-protectingsovernance) and larger $ize)
Canadian firm tends to lead price setting on thX &S seen in Models 1 through 22 in Panels A
and B. The overall explanatory power is signifitahigher with models without intercept.

[Insert Tables 5 and 6 about here.]

We conduct analoguous panel regressions for ther-iegime and linear information shares
in Tables 5 and 6, respectively. Neither alterreativeasure of exchange-specific contribution to
price dicovery has a higher explanatory power (stéjiiR?) and economically and statistically
meaningful implications. From this end, the ougime information shares (Table 4) have not
only proved heuristically appealing but also ecoiwaity reasonable and statistically robust.
5.2.2. Regression of the estimated threshold

For each cross-listed pair, the threshold includassactions costs, which consist of bid-ask
price spreads on both exchanges and the foreighaege rate, fixed costs, and liquidity
shorfalls. Implicit risk premiums, including thos&éom information asymmetry and

macroeconomic uncertainty, can also affect therdetation of the threshold. Accordingly,

®*Hasbrouck (1995) finds that there is a positive sigdificant correlation between contribution tacprdiscovery
made by the NYSE and its market share by tradidgme using the U.S. domestic data. Using the saate, d
Harris et al. (2002) finds evidence that the infation share increases when its bid-ask spreadsdeelative to

the regional exchange.
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Table 7 provides the results of panel regressidnisenestimated thresholds onto average (Panel
A) and difference (Panel B) measures of asymmaéficrmation component (PIN) and the
inverse of market depth (spread), controlling fiquidity, either in quantity YsVol) or value
(UsDallarVal), firm-level idiosyncratic characteristic$n@ustry, Governance, and Sze), and
interest rates (yields of 90-day bills and 10-yaates).

[Insert Table 7 about here.]

As expected, our measure of market friction (re@atjuoted spread) significantly increases
required dollar return of cross-border arbitrageBasut of 16 models using average measures
(Panel A) and all models using difference meas(lPasel B) agree with it. The better the firm is
governed at home, the lower the minimum requiretfippas all models with th&overnance
control variable show. Manufacturing firms (whémdustry equals 1) tend to require larger
relative premiums to be exploited. Overall, diffece measures turn out to have a greater
determination on the threshold level than the ayeraeasures do as the adjus®4ds of Panel
B dominate those of Panel A through all specifmadi In sum, the effective break-even point
(threshold) of cross-border arbitrage appears taffected by the relative degree of private
information, market friction, and liquidity meassarend idiosyncratic firm-level characteristics.
These, much economically appealing, empirical tedehd support to the findings of Gagnon
and Karolyi (2010).

6. Conclusion

For a pair of the original listing and its crosstihg, the adjustment to parity can be
discontinuous: convergence may be quicker wherrdlagive premium is profitable, or slower
otherwise. In other words, the dynamics of crostedl pairs fall into two regimes: within and

beyond the threshold, e.g. transaction costs asuteged risk premiums of arbitrage. This paper
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extends Hatrris et al.’s (1995, 2002) ECM to esterthe extent of contribution to price discovery
(information share) by considering threshold cainétion per Balke and Fomby (1997).

The existing methods assume linear convergencelativie premiums to parity whereas we
hinge our premise on the reality that premiums ppsar faster when it is profitably
arbitrageable than otherwise. A large deviatiortdptegime) is believed to be more susceptible
to new information, either public or private. Inntast, a small deviation (inner regime) can be
due to noise trading and, therefore, there ilittbnnection between price discovery and error
correction dynamics.

Our threshold ECM ideally incorporates such a diochty while the predecessor linear
ECMs may overestimate the information share wheretis no cointegration in the unprofitable
inner regime. Also, we find that the estimated infation share and threshold are typically
affected by the relative degree of private inforgratmarket friction and liquidity measures, and
idiosyncratic firm-level characteristics. Unlike &nmig et al. (2005), we do not account for
exchange-rate market friction in our threshold E@&mework. We invite readers to augment
additional sources of randomness to the modellinthe nonlinear dynamics of cross-listed

stocks.
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Appendix A. Estimation and testing of parameters
For convenience, the firm indicatai) (s selectively omitted in the following discussio

The threshold ecm aforementioned in Section 2 earepresented as follows:
Axe = A X 1d1e(¥) + A X 1d2e (V) + ug, (A.94)
where Ax, = (0, Bir),  Xe-1 = [1, Kt—lﬂAxt—liAxt—Zi--Axt—m]l’ die(v) = 1(Kie-1| < v2)

and dy;(y) = 1(|kjt—1] > vi); A’1 and A'2 contain the parameters to be estimated; and
the threshold parameter to be estimated.

The threshold VECM can be estimated using the MLéthmd proposed by Hansen and
Seo (2002). Assuming that the error teury) (si.i.d. Gaussian, the likelihood function is

1 e—
Ly (AL A2 % y) = = 2In|Z| = 2B ue(Ay, Ay, 1) 71, (A1, Ap ¥), (A.95)

where u; (A1, A3, 7) = Axy — A X¢—1d1:(¥) — A,X¢—1d2:(y). The covariance matrixz is an
identity matrix due to thei.d. Gaussian assumption of the error term. For a fixed; and A,

can estimated by an OLS regression, thus

-1
A1(V) = (Z?:l Xt—1Xt_1d1t(V)> D=1 Xt—1Axtd1t(V)» (A.96)

-1
AZ(V) = ( t=1 Xt—1Xt_1d2t(V)> t=1 Xt—1Axtd2t(V)’ (A.97)

and thenl,(y) = Ax, — A;Xt_ldlt(y) - A;Xt_ldz,f(y). By plugging .(y), the likelihood
function (£, (41,4,,%,7)) becomes a univariate function f

n(m+2)

L) = Zin (238 2 0)) - 22 (A.98)
Following Hansen (2000), thgrid search method can be used to estimatewithin an
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preset interval[y,y]. The mle estimators foA; and 4, can be obtained by inserting To

further confirm the threshold effect, we need &t the following null hypothesis:

Hy: Ay = Ay foranyy € [y, 7] (A.99)
against
Hi: A, # A, for some y € [y,Y]. (A.100)

We use the super-Lagrangian multiplier (supLM) {é&insen and Seo, 2002) to test the

above hypotheses. The LM statistic is

M@) = (&) - A,0) () + %)) " (A ) — A1), (A.101)

where 7,(y) = M) QM) "L M) = Inaz @ (1) T (y); and; () = G (),
and II;(y), T;(y) are matrices of the stacked rows Xf ;d;.(y) and @i,(y) ® X;_1d;:(¥),
respectively. Define
supLM = supye[z_ﬂll]v[ ). (A.102)

A bootstrap method is used to generate the critighle since the asymptotic distribution

is non-standard.
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Appendix B. Proofs
Proof of the adjustment coefficients

The solutions of the adjustment coefficients are:

s _ h (BlmyN,BA+BIm Ny (D +B4)
T (1+r){ D,D1+BA(D1+D3) }' (B.103)
qf = (BDy) (B.104)
1 D;D1+BA(D1+D;) .
@y = 5o (B.105)
12 D,D1+BA(D1+D5) .
s _ h (B'miN,BA+BIm, N, (D1 +B4)
2= (1+r){ D,D1+BA(D1+D3) }' (B.106)
W = s (B.107)
21 D,D1+BA(D1+D;) .
qf. = — (B4D) (B.108)
22 7 p,Dy+BA(D1+D,) :
thus
ol _ (14 (B4+D,)
Py = ai ( h ) BlmyNy fA+B i Ny (Dy+B4) (B.109)
aly _ (147 [
h12 - a’f a ( h J BlmyN, fA+BImy Ny (Do +B4) (BllO)

A
B (B.111)

Bl N1 BA+B Ny (D1 +BA)

apy _ (LT (B4+D1)
hya = a5\ h /) BlnyN,BA+BIn,Ny (D, +BA) (B.112)
Since
— T172
P = i G (8.113)
we have

1 h?, 1,7, + h?,7,T
1 4 T2 + R T Ts

0%} 717,
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A (8% +D2) i
=1+ (E) [( h ){ﬁ’nzNzﬁA + Bl N, (D, + ﬁA)}]

4 2
* (z_z) [<1 :l- r) {BIT[ZNZBA + B€7T1N1(D2 + BA)}]

_ 7o \ (147 T,(B* + D;)? + 1, (B4)?
= <T1T2>( h ) [{ﬁlﬂzNzﬁA + Blmy N1 (D, + ﬁA)}z]

= g(D;)

1 h3.1,7. + h%, 74T
1 4 MaaTes + hapTaTs

b, 71T,

3 T\ [/1+7 A 12
=1+ (‘L’sz) ( h ){ﬁ’nlNlﬁA + pBlm,N,(D; + ﬁA)}_

7T\ [/1+7 (B4 + D,) ]
(22 e )]

_ Ty \ (1+7)° 7 (B4 + D1)? + 1,(B4)?
=1t (T1T2> ( h ) (B'm NS4 + B'my;No(Dy + f4))?

= g(Dy).

(B.114)

(B.115)

Now, recall the definitionsD, = p'm,N, + pY(1 —m;)N, and D, = Y (1 — m,)N, +

p'm,N,, where

i = -5 Gan))/ et o)

i

ﬁ’=(1+r)/( P +c),

Ts+Ty
7172 diz a3
(I)i = 2 2 ) hiZ = 'and hi3 = )
T1T2+Hh, T TR T Ts ajq @jq

thus

Dl = ,817'[11\/1 + B{J(l - 7T1)N1
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= Blm, N, + LRI <1 +r— i(£>) (1 —m)N;

(p +cty + cd17s) a; \t, + T
= BNy + s (L4 ) (A = )Ny = 2 (1= m)Ny, (B.119)
hence
$1 = f(Dy, a?), (B.120)
and similarly
$, = f(Dy, a3). (B.121)

Combining above equations, we can numerically sdlyeand D, from the following
equations:
1= g(D)f(Dy,af) and 1 = g(D,)f (Dy, af). (B.122)

Proof of Proposition 1. Since

U _ _ 1 T p
Bi B {1 tr a_ig (TV+¢iTS)}/(TU+(biTS + C)’ (8123)
I — 14
pr=a+n/ (+ + C) (B.124)
and
q)i - T1T2+hi22::-‘[[i+hi23‘[1‘[s and hiz = aiZ/ail' h’i3 = ai3/ai11 (8125)

we can reach the conclusion froln< ¢; <1 and 1+ r — i(ﬂ) <A+r).

i1 \Ty+d;iTs
Proof of Proposition 2. From Proposition 1, we se@’ > /. Since D, = g'm N, +

1 1
BY(1 — )N, and D, = BY(1 — ,)N, + B'm,N,, PIN, =52 and pIN, = £72Y2 1hys
Dy D

2

we can show thaD; > D,. It follows that IS; > IS,.
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Table 1

Estimated cointegrating vector.

pN t — stat.
5 %-ile 0.90 -5.25
25 %-ile 0.995 -1.29
Median 0.999 0.25
75 %-ile 1.002 0.99
95 %-ile 1.011 2.94

Notes: The prices of the sample TSX-NYSE Cross-listedg)@fr}‘g, ﬁit}) are tested for cointegration per

Johansen (1991), whepd) and p. are the actual trade and parity-implied pricethefcross-listing on
the NYSE. Since we have two price series in eaghession equation in the cointegrated system, tisere
at most one cointegrating vector. We estimate tietegrating vector for each stock in each yearevhi
normalizing bT = —1. Our results show that most of the estimated egnaiting vectors aré1, —1)7,
which is of the expected values according to tinedéone price. The-statistics for the null hypothesis

attests that the cointegrating vector equ@ls—1)”. The observations are in firm-years.
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Table 2
Parameter estimates and nonlinearity test staistic
Panel A: Two-regime threshold ECM parameter esgsat

Gm  t-stat. @i’ t-stat. Oout t-stat.  Oouw  t-Stat Oout - Ont  t-Stat. Oow - Gin'  t-stat.

Mean -0.241 6069 0.129 2967 -0.216 -5.415 0.173 3541  250.0 0.236 0.044  0.510
St.Dev. 0.247 3.606 0.279 2.868 0.127 3251 0.143 2562  480.2 1.997 0275 1535
1%-ile -1.291  -12.884 -0.709 -1.948 -0.636 -15.309 -0.0611.152 -0.528 -3.737 -0.815  -3.003
25%-ile  -0.288 -8.659 0.037 0.983 -0.275 -6.823 0.067  1.670 -0.064 -1.039 -0.044 -0.598
50%-ile  -0.212 -6.381 0.106 2477 -0.212 -5.041 0.150 3.473 0.006  0.087 0.045  0.631
75%-ile  -0.133  -3.256 0.214  4.638 -0.131 -3.080 0.247 5164 0.083  1.327 0.109  1.545
99%-ile 0207 1.010 0974 10741 -0.001 -0.041 0.568 10.157 1.052  6.327 0.940  3.967
Panel B: Threshold estimates and supLM test Staist

Threshold supLM 95%-ile critical value. p-value
Mean 0.146 22.321 22.075 0.259
St. Dev. 0.109 16.328 2.291 0.270
1%-ile 0.009 8.730 18.197 0.000
25%-ile 0.078 15.208 20.961 0.020
50%-ile 0.118 18.876 21.709 0.170
75%-ile 0.198 24.461 22.502 0.420
99%-ile 0.545 69.782 29.065 0.965
Panel C: Wald statistics.

Waldem p-value Waldbe p-value
Mean 7.683 0.884 11.962 0.928
St. Dev. 10.173 0.182 17.161 0.128
1%-ile 0.056 0.187 1.257 0.467
25%-ile 2.117 0.854 5.478 0.934
50%.-ile 4.586 0.968 8.928 0.988
75%-ile 9.540 0.998 13.832 0.999
99%-ile 44.615 1.000 96.717 1.000

Notes. We estimate the adjustment coefficients basedusrthreshhold ECM framework following Balke
and Fomby (1997) and extended from Harris et &9%12002):

Bl + aduekic—1 + X1 BAPY-; + 272 BrybBie—j if lkie—a| > Vi
B + adnkie—1 + 2721 ﬁ%\lePg\}:—j + 2731 ﬁ%\leﬁ;'I;:—jt if |ke_1| < y;
Bio + aguekic—1 + 2721 ﬁirjAPiI\i—j + 2731 ﬁirjAﬁij;—jw if |1 > i
Bao + AinKie—1 + 2721 .BszAPL!\:I:—j + Z;-nfl .BszAﬁig—j: if K] S vy
a;, measures the adjustment coefficient of an exchargs the cross-listing dollar premium is within
the range of thresholdg;], thus cross-border arbitrage is unprofitable; aRg; when beyond the range

of thresholds, thus arbitrage forces will activiatelrive the premium within the range. The thredhal;;,
is factored in the following threshold autoregreegiTAR) framework:

Ap}}

Ay =

Aout T Pout Kie—1 + & if |Kieq| > v;
Ain + Pin Kit—1 + &, I K1 | < v;
where p;, =1 and —1 < py: < 0, i.e. the dollar premiunx(;) of the cross-listing is a unit root in the

(unprofitable) middle regime whefg;;_,| < y;, otherwise a mean-reverting process in the (@olé)

outer regime wherjk;._1| > y; with presence of arbitrageurs. Walg gives the Wald statistic for the

joint null hypothesis: Hy:ag, =@, and ap,=an, while Waldhc gives the wald-statistics for:

Ho: B =B, ,6’1“]' = ,BZIN, ,BlTJ = ,BZTJ and ,81TJ = ,6’2{. All estimates have cointegrating vectors given
as 1 (8 = 1). The observations are in firm-quarters.

Kit =

’
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Table 3
Estimates of information shares.

Linear ECM Threshold ECI
N pN } pT ISinN ISOLJtN
Mean 0.407 -0.001 0.380 0.435
St. Dev. 0.258 0.020 0.254 0.259
1%-ile 0.010 -0.054 0.007 0.020
25%-ile 0.188 -0.013 0.166 0.215
50%-ile 0.409 0.000 0.356 0.418
75%-ile 0.582 0.009 0.551 0.626
99%-ile 0.975 0.055 0.975 0.980

Notes: We estimate the adjustment coefficients basetthetinear ECM framework following Harris et al.
(1995, 2002) and Eun and Sabherwal (2003):
Apii = Bo' + aNKlt 1+ 200 B AP + 202 B A,
plt - .80 + a Kit—1 + Z .B}TAPLL“ J + Z .B}TAPLL“ J’
where k;;_; gives the remaining relative premium or 00|nte|g|ga1tre5|dual.aN and aT are the
adjustment coefficients of the NYSE and TSX, refigely, that describe how much deviation will be

subsequently adjusted to restore the long runieguiin in each seriesSubsequentlywe estimate the
adjustment coefficients based on our threshhold B@khework following Balke and Fomby (1997) and

extended from Harris et al. (1995 2002)
Apl = {.310 + aguekic—1 + Z .Bleplt it Z .Bleplt—jl if [Kie—q] > Vi},
B2 + afnkie—1 + Z ﬁz;APn -t Z ﬁz;APn—j: if [Kie—q] <y
AT = {.310 + Qouikie—1 + Z .BUAPur -t Z ﬁl]Aplt—j’ .if [Kiz—1] > Vi}.
Bao + XinkKie—1 + Z ﬁz;APn jt Z ﬁz;APw—j: if [Kie—1| < v
a;j, measures the adjustment coeff|C|ent of an exchmhw] the cross-listing dollar premium is within

the range of thresholdsg;{, thus cross-border arbitrage is unprofitable; ag. when beyond the range
of thresholds, thus arbitrage forces will activiaterive the premium within the range. The thredhal;;,

is factored in the following threshold autoregresqiTAR) framework:

__ )%out T Pout Kie—1 + & If [Kie_1| > Vs

t Uin + Pin Kie—1 T &, if |k q| <y
where p;, =1 and —1 < pgue < 0, i.e. the dollar premiumk(;) of the cross-listing is a unit root in the
(unprofitable) middle regime wheh;;_,| < y;, otherwise a mean-reverting process in the (jziolf)
outer regime whenk;;_,| > y; with the presence of arbitrageurs. All estimatesehcointegrating
vectors given as 1 tb= 1). The observations are in firm-quarters.
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