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Abstract We characterize a relatively simple Markov Perfect equilibrium in a continuous-
time dynamic model of competition with switching costs. When firms cannot price-
discriminate between old and new consumers, the effect of switching costs on prices critically
depends on the degree of market share asymmetries: If firms’ market shares are sufficiently
asymmetric, an increase in switching costs leads to higher prices. However, as market shares
become sufficiently symmetric, price competition turns fiercer, and in the long-run, switching
costs have a pro-competitive effect. If firms can price-discriminate, an increase in switching
costs make all consumers better off regardless of market structure.

Keywords Switching costs - Continuous-time model - Markov Perfect equilibrium -
Differential games - Market concentration - Price discrimination

1 Introduction

Many products and technologies exhibit switching costs (i.e., costs that customers must
bear when they adopt a new product or technology). For example, switching costs arise
when there is limited compatibility between an old product (or technology) and a newly
adopted one. In this case, the specific investments that a customer may have incurred in
relation to the utilization of the old product (or technology) may fully or partially depreciate.
When compatibility is highly valued by customers, they are discouraged from changing
products. Other switching costs stem from contract structure (e.g., service contracts with a
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certain minimum term) and/or loyalty programs (e.g., discount coupons, frequent flyer cards).
Competition in mobile telephony and residential broadband shares some of these features.
As new features and services are periodically added, consumers valuations may vary over
time, thus eventually rendering switching an attractive course of action despite the presence
of switching costs.

Switching costs alter the nature of dynamic strategic competition as consumers face a
potential lock-in effect which gives market power to the firms. As the history of past choices
affects future product choice or technology adoption decisions, market share is a valuable
asset. The incentives to exploit current customers (by charging high prices) and to increase
market share (by offering low prices) are countervailing. A priori, it seems that the net effect
of switching costs on the nature of dynamic price competition is unclear. Nonetheless, the
conventional wisdom distilled from the literature seems to suggest that switching costs are
anti-competitive (see [8,12] for a survey of this literature).

In this paper, we show that when switching costs are symmetric and not too high (so that
switching takes place in equilibrium), this conventional wisdom does not apply—at least
in steady state. Our analysis is based upon a continuous-time dynamic equilibrium model
in which switching costs are independent and identically distributed across consumers and
over time. In each period, consumers are randomly given the opportunity to switch according
to a Poisson process. Their decisions are based upon price differences across firms, their
realized valuations for the goods, and the value of the switching cost. We consider stationary
Markovian strategies, with market shares being the state variable, and characterize a relatively
simple Markov Perfect pricing equilibrium. We find that market shares are sticky and converge
monotonically. If switching costs are equal across firms, the market structure is symmetric
in steady state.

When firms cannot price-discriminate between old and new consumers, the competitive
effects of switching costs depend on market structure. In particular, when firms are of equal
size, the mass of consumers loyal to a firm is the same as the mass of potential consumers
switching into the firm. Hence, the static incentives— exploiting loyal consumers vs. attract-
ing new ones—cancel each other out, so that the dynamic incentives to attract new consumers
in order to exploit them in the future prevail. Since the value of new customers is greater the
higher the switching costs, an increase in switching costs fosters more competitive outcomes.

However, if switching costs are asymmetric, market shares do not become symmetric in
the long-run and the static effects remain. In particular, the firm from which it is costlier to
switch charges higher prices and still serves more than half of the market. Since an increase in
switching costs allows the firm to charge higher prices, the conventional wisdom is recovered.
Namely, (asymmetric) switching costs have anti-competitive effects. Nevertheless, we show
that if firms are allowed to endogenously choose whether or not to invest in a given level of
switching costs, in equilibrium only the symmetric switching costs configuration survives.
This suggests that in steady state, the pro-competitive effect of switching costs is more likely
to arise.

To assess the robustness of the above results, we also analyze the case in which firms are
allowed to price-discriminate between old and new consumers. Under price discrimination,
firms no longer face the trade-off between the investing and the harvesting effect as they
can charge low prices to attract new consumers and high prices to exploit the old ones. As a
consequence, new consumers are always better off the higher the switching costs. The effect
on the old consumers results from the interplay of two effects: on the one hand, the higher
the switching cost, the higher the price that a firm can charge to its current customers without
losing them; on the other hand, since higher switching costs also induce the alternative
supplier to price more aggressively, the firm has to reduce its own price to retain its current
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customers. We show that, for moderate values of discount rates, the second effect dominates
and the price for old customers is also decreasing with increasing switching costs. Thus, with
price discrimination, switching costs are pro-competitive regardless of market structure.

This paper is organized as follows. In Sect. 2, we review the relevant literature on the
subject and relate it to our results. In Sect. 3, we describe and analyze our basic model,
in which firms have symmetric switching costs and are not allowed to price-discriminate
between the old and the new consumers. In Sect. 4, we explore various extensions of the
basic model: price discrimination, asymmetric switching costs, and endogenous switching
costs. We conclude in Sect. 5.

2 Are Switching Costs Pro- or Anti-Competitive?

Klemperer [10, 11] are the first published works that aimed to analyze the impact of switching
costs on the nature of price competition. In these papers, the author developed a two-period
model in which, in the first period, consumers choose a product (or technology) for the
first time. In the second period, consumers may choose a different product in which case
they face switching costs. In equilibrium, prices follow a pattern of “bargains” followed by
“rip-offs.” To circumvent the potential “end of horizon” effect in these two-period models,
infinite-horizon models have been analyzed [9,13,16,18].

In all of these papers, firms face a trade-off between maximizing current versus future
profits. Maximizing current profits calls firms to exploit their loyal consumers (“harvesting”
effect), whereas maximizing future profits calls firms to decrease current prices in order to
attract new customers (“investing” effect). The previous papers concluded that the former
effect dominates, so that switching costs have anti-competitive effects.

However, these analyses omitted an equally important effect: the fact that switching costs
affect current market competition even in a static setting. This effect was hidden in these
models by the lack of switching in equilibrium (either by assumption, or because switching
costs were assumed very large). Instead, if switching takes place in equilibrium, firms want
to attract new consumers, not just to exploit them in the future, but also as a source of current
profits. This effect, which similarly to [14] we refer to as the “poaching” effect, partially
mitigates the “harvesting” effect. However, since “harvesting” by large firms dominates over
“poaching” by small firms, the overall short-run effect of an increase in switching costs is an
increase in prices.

However, in a dynamic setting, the “investing” effect induces firms to reduce current prices
in order to attract new customers who will become loyal in the future. Therefore, the net effect
of switching costs on equilibrium prices becomes ambiguous. In this paper, we show that
the overall effect—resulting from the interplay of the harvesting, poaching, and investing
effects—critically depends of the degree of market share asymmetry. If firms’ market shares
are symmetric, the poaching and harvesting effects cancel out. As the investing effect is the
only effect that remains, an increase in switching costs reduces prices. In contrast, if market
shares are very asymmetric, the current switching effect barely mitigates the harvesting effect,
so that an increase in switching costs leads to higher prices. It turns out that, in steady state,
firms’ market shares become symmetric precisely because in previous periods the dominant
firm priced less aggressively than the smaller one. This implies that long-run equilibrium
prices decrease with switching costs (as long as this value is small enough so as to allow for
switching in equilibrium).
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There is a recent string of papers showing that switching costs can be pro-competitive as
they lead to lower prices [2—4,6,7,14,15,17]. By means of a numerical test bed, [7] show that
depending upon the magnitude of switching costs, switching may indeed occur in equilibrium
and that the net effect on prices is ambiguous. In an empirical paper, [17] finds that lower
switching costs (i.e., number portability) led to lower prices for toll-free services. While
most of the theoretical literature appeals to price discrimination to show that switching costs
can lower prices, [2] identify another channel which is common to our model: If consumers
switch in equilibrium, then a firm may lower price to partially offset the costs of consumers
that are switching to the firm. [14] also arrives at similar conclusions using an overlapping
generations model.

Interestingly, all the papers in this literature are based on discrete-time models of strategic
price competition in which the time interval that separates the firms’ pricing decisions is a
constant of a certain specified length. Our paper differs from this literature in that we analyze
a continuous-time model of dynamic pricing. In general, the set of equilibrium strategies
for discrete-time approximations does not necessarily correspond to the set of equilibria
for the continuous-time game. Hence, it is important to analyze the qualitative properties
of continuous-time equilibrium pricing. While our model setting is not as general as those
compared in ,e.g., [2,14], we are able to derive closed-form expressions for equilibrium
pricing which in turn reveal the structure of equilibrium pricing dynamics both in the short-
run and in steady state. Furthermore, since we derive results for the case of symmetric and
asymmetric switching costs, we are able to shed light on the strategic choice of switching
costs.

3 The Model

We consider a market in which two firms,! with marginal costs normalized to zero compete
to provide a service which is demanded continuously over time. Let x; (#) denote the market
share of firm i € {1,2}. There is a unit mass of infinitely lived consumers. We assume
x1(t) + x2(t) = 1, i.e., all consumers are served.? Let pi denote the price charged by firm
i € {1, 2} to all its customers, i.e., firms are not allowed to price-discriminate. 3

At every moment in time, some consumers are given the option to switch to the alternative
supplier, in which case they have to incur a switching cost. More specifically, switching
opportunities for consumers take place over time according to independent Poisson processes
with unit rate,* i.e., in the interval (t,t +dt), the expected fraction of consumers considering
switching or not between firms is dz. We assume that consumers cannot anticipate infinite

' Our model could be extended to multiple competing firms assuming a “circular city” model of product

differentiation with evenly spaced product varieties as in Salop’s model. In that model, demand for a product
variety is a function of the two adjacent product varieties. So in a dynamic model with switching, demand
for a product will be a function of prices and market shares of the two adjacent product varieties. A dynamic
model would therefore require a multi-dimensional state space, which is out of the scope of the current paper.

2 In the context of a discrete choice model with product differentiation, the relaxation of the full market
coverage assumption would imply that not all consumers are served continuously: Some consumers may
at times drop out of the market and then sign back up for service at a future time (without experiencing a
switching cost). Thus, relaxing the full market assumption would add an element of competitive pressure on
firms equilibrium pricing strategies.

3 In Sect. 4.1, we analyze the effects of price discrimination.

4 The analysis is robust to arrival rates different from one. However, this would add an additional parameter
in the model, with only a scaling effect.
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equilibrium price trajectories and thus can only react to current prices.’ Conditional on
having the opportunity to switch, g;; € (0, 1) denotes the probability with which a customer
currently served by firm j switches to firm i. Accordingly, g;; = 1 — gj; is the probability
that a customer already served by firm j maintains this relationship. Firm i’s net (expected)
change in market share in the infinitesimal time interval (¢, t + dt] can be expressed as

xi (1 +dr) — x; (1) = qjixj(0)dr — (1 — gii)x; (t)dr, ey

i.e., the net (expected) change in market share is equal to the expected number of customers
that firm 7 steals from firm j, minus the customers that firm j steals from firm i. The revenue
accrued in the infinitesimal time interval (¢, ¢t + d¢] is the sum of p; x; (¢)d¢ (i.e., revenue from
current customers) and p;[q;;x;(t) — (1 — g;;)x; (t)]dt (i.e., revenue gain/loss from new/old
customers). Hence, the rate at which revenue is accrued by firm i, say m;(¢), can be written
as

7i (1) = pixi () + pilgjix; () — (1 — qii)xi ()] 2)

In order to characterize the switching probabilities, we assume a discrete choice model in
which the net surplus from product i € {1, 2} at time ¢ > 0 is of the form

ui(t) = vi(t) — pi(r)
wherein we make the following standing assumption:®

Assumption 1 The collection {v; (¢) : ¢ > O}isi.i.d. and v; (1)—v; (¢) is uniformly distributed
: 11
in[—3. 5]

In what follows, we analyze two cases. First, we consider the case in which switching
costs are symmetric. Second, we analyze the case in which only one firm is protected by

switching costs, while the rival firm is not. This will allow us to shed light on the endogenous
choice of switching costs.

We first assume that switching costs are symmetric. In this case, all customers who switch
incur the same switching cost regardless of whether they switch from firm 1 to firm 2 or from
2 to 1. When an opportunity to switch arises for a given customer, he would opt for firm i
(if currently served by firm j) provided that

S S
Uj— - =V, —pi—=>U;j=Vj—pj
i B i Pi 2 J J Dj
where § is the switching cost incurred (s < 1). Hence, the probability that such a customer

served by firm j switches to firm i, g;;, is given by
1—ys

N
qj'iZPr(vj—vi <_§+Pj_l7i): S~ Pitp

where we assume p; — p; € [—%(1 —5), %(1 + s)]. Conversely, if firm i serves the selected
consumer, he will maintain this relationship if
s

uizvi—p,‘>uj=vj—pj—§~

5 The main conclusions of the analysis are preserved if we allowed for more sophisticated consumers. See
“Appendix 1.
6 Note that this assumption is consistent with Hotelling’s model of product differentiation with product

varieties at the extremes of a linear city uniformly distributed in [0, %]. Results are robust to allowing for more
general distributions.
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Hence, the probability ¢;; that a customer already served by firm i maintains this relationship
-7
is
s 145
qii =Pr(vj —vui<3y —Pi+Pj) =5 ~Pitpj
Substituting g ; and g;; into (1) and taking the limit, as df — 0, we obtain

1_
() = —xi()(1 = 5) + TS —pi+pj

Substituting g ; and g;; into (2) and using the condition x; (¢) +x2(¢) = 1, we obtain the
rate at which revenue is accrued by firms 1 and 2,

1 —s
w1 () = p (xl(t)s + T n +P2)

1+
(1) = pa | —x1(t)s + — +pi—p2)-

Given the assumption of full market coverage, payoff relevant histories are subsumed in
the state variable x; € [0, 1]. Assume a discount rate p > 0. A stationary Markovian pricing
policy is amap p; : [0, 1] — [0, p] where p > 0 is the maximum price ensuring full market
coverage. We restrict our attention to the set of continuous and bounded Markovian pricing
policies, say P. For a given strategy combination (p;, p;) € P x P and initial condition,
x1(t) € [0, 1] and T < o0, the value function is defined as

VPP (1)) = / e~ 7 (pi (x1 (1)), pj (x1 (1)), x1 (1))dr-

A stationary Markovian strategy combination (p}, pjf) € P x P is a Markov Perfect equi-
librium (MPE) if and only if

(P}, p%) (pi p?})
V., " () =V (xa (n),
forall p; € P,i € {1,2}, x1(r) € [0, 1] and T < oo.
3.1 Equilibrium Pricing

As we shall show, when switching costs are not too high, the tension between the “harvesting”
effect (exploit loyal customers via high prices), the “poaching” effect (attract new customers
via low prices to increase current sales), and the “investing” effect (attract new customers
via low prices to increase future sales) leads to more competitive prices in the long-run.
However, in the short-run, the degree of market share asymmetries will determine which of
these effects dominates.

Static Setting

To understand pricing incentives in the long-run, let us first characterize equilibrium pricing
in the static setting. This allows to isolating the harvesting and poaching effects from the

7 Note that gii > qj; reflects the fact that, for given prices, firm i is more likely to retain a randomly chosen
current customer than to “steal” one from firm j.
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investing effect, as the latter only arises in the dynamic setting. The first order conditions in
the static setting are:

87‘[1 1—ys

S =x5+ ———2pi+p2=0
8p1 2

T 1+s

2 s — 4 p—2p =0,
ap2 2

from which we derive the best reply functions:

1 1 1
Rl(P2)=§(P2+S(X1—§)+§)

1 1 1
RZ(pl):E(Pl_S(Xl—E)—i-E)-

Adding switching costs does not alter the fact that prices are strategic complements, that is,
a firm optimally responds to a rival’s price increase by increasing its own. Figure 1 below
plots firms’ best reply functions for two values of switching costs.

The large firm (e.g., firm 1) has more to gain by increasing the price and exploit its loyal
consumers (more than half) than it has to lose by reducing the price to attract its rival’s loyal
consumers (less than half). Hence, the large firm behaves less aggressively than the small
one, i.e., Ry (p) > R> (p).

Solving for equilibrium prices, we obtain

s 1 1
Pl(x1)=§(X1—§)+5

()_s 1+1
172961—39612 2

The equilibrium price of the large firm exceeds that of its smaller competitor,

2 1 0
—pr=zs\{x1— <) >0.
P1L— P2 3 1 2

As a consequence, the large firm loses customers in favor of its smaller competitor, but it still
remains large.

The following lemma summarizes the comparative statics of equilibrium outcomes in the
static setting as switching costs s increase:

Lemma 1 In a static setting:

(i) If market shares are asymmetric, an increase in switching costs s raises the price charged
by the large firm, reduces the price charged by the small firm, increases the average market
price, and makes market shares even more asymmetric.

(ii) If market shares are symmetric, switching costs have no effect on equilibrium outcomes.

When firms’ market shares are asymmetric, i.e., x; > % an increase in switching costs
s implies an outward shift in the large firm’s best reply function and an inward shift in the
small firm’s best reply function (see Fig. 1). In other words, switching costs make the large
firm less aggressive and the small firm more so. As already noted, this is consistent with the
view that switching costs can be interpreted as a subsidy for the large firm and a tax for the
small one.
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Fig. 1 Firms’ best replies in the
static setting for low (thin lines)
and high (thick lines) swicthing

costs s

R2*(p)

P2
P2

v

’

P1 P2

Since, as s increases, the shifts in firms’ best replies are of the same magnitude, the
equilibrium point moves down to the right, i.e., the price of the large firm goes up while
the price of the small firm goes down. Given that the price charged by the large firm has a
stronger impact on the average market price, an increase in s implies that the average price
in the market also goes up. This corresponds to the conventional wisdom according to which
prices are increasing in switching costs. It also follows that an increase in s enlarges the price
differential, so that market shares become even more asymmetric.

Last note that if firms were symmetric, i.e., x| = % switching costs would have no impact
on equilibrium outcomes in a static setting.

Dynamic Setting

We are now ready to characterize equilibrium pricing in the dynamic setting.

Proposition 1 The unique Markov Perfect Equilibrium in affine pricing strategies is:

pix) = s —a) (v — 1) + p*
pr(x) = —36—a) (x — 1)+ p*

where a € (O, %) is the smallest root of the quadratic equation

7 2
2a2—3(2+p—§s)a+§s2=0, 3)

8 We believe that there would be little difference between the affine MPE presented in the paper and an
equilibrium (should it exist) in nonlinear strategies. In the linear MPE, the dominant firm exploits its market
share, while the firm with smaller market share offers a price discount that decreases over time. The rate at
which the dominant firm loses market share is constant. Suppose firms follow nonlinear pricing strategies and
the firm with lower market share offers a price discount. In this case, nonlinearity changes the speed at which
the dominant firm loses market share. There may be a nonlinear equilibrium in which market dominance
decreases more slowly initially (with high prices by both firms) and then speeds up (with relatively larger
price discounts) as market shares equilibrate. However, there would be no qualitative difference between this
equilibrium (should it exist) and the one presented in the paper. With relatively high discount rates, there can
not be a nonlinear equilibrium in which the dominant firm maintains (or increases) dominance because this
entails a price discount by the dominant firm which would make it worse off.
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and9
1, e s0+49
P 20+p) 30+p)

T2
Proof See the “Appendix 2”. O

In the proof of Proposition 1, we make use of the notion of a Hamiltonian (see [5]), that
is:
Hi = e "' + Aix1],

fori € {1,2}, where A; = g}‘g is the co-state variable. The necessary and sufficient conditions
for a Markov Perfect equilibrium are:

am; ax

i 4
api api
which captures the inter-temporal trade-offs inherent in equilibrium pricing, i.e., marginal
revenue equals the (marginal) opportunity cost (value loss) associated with market share
reduction and the Hamilton—Jacobi equations

- - oo =g - o 5)

In the proof of Proposition 1, we show that the system of partial differential equations (4)
and (5) has a closed-form solution.
Note that condition (4) gives rise to a sort of “instantaneous” best reply functions:

1 1 1 e
Ry (Pz)zi(pz—i—s (xl—i).|_§)_7 ©)

e ] AVEATES
2(171)—5 pL—S XI—E +§ +7 @)

Therefore, as compared to the static setting (in which A; equals zero), firms’ best reply
functions in the dynamic setting shift in, thus implying that equilibrium prices, are lower. In
particular, R; ( p j) now shifts in by }‘7’ This is a direct consequence of the “investing effect”:
firms compete more aggressively to attract new customers as these will become loyal in the
future. In the proof of Proposition 1 we show that A = ax; +b > —Ay = —ax; +b > 0.
Hence, in the dynamic setting, it is still true that the large firm behaves less aggressively than
the small firm, i.e., Ry (p) > R» (p), thus implying that the large firm’s equilibrium price is
higher than that of the small firm, regardless of the value of s,

p1(x1) — p2(x2) = %(S —a) (Xl - %) > 0-

As compared to the static setting, the large firm’s best reply function has shifted in by a
larger amount, ’\71 than that of the small one, — )‘72 (recall that A; > —A»). This derives from
the fact that the investing effect is stronger for the large firm than for the small one: attracting
new customers today is more valuable for the large firm, given that the price it charges to
its loyal consumers is higher. It follows that the price differential, while still positive, is now
smaller than in the static setting.

9 Note that a — 0T as s — 01, the equilibrium pricing corresponds to the “static” case (i.e., without
switching costs) with p1 = py = %
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Concerning dynamics, the fact that the large firm has the high price implies that the large
firm concedes market share in favor of the smaller one. Therefore, market share asymmetries
fade away over time. Note that, unlike other papers in the literature, market share convergence
is monotone. In particular, the equilibrium state dynamics are described by:

1 —
x1(t) = —x1(0)(1 —5) + Ts — p1(x1(8)) + p2(x1(2))
1 2
_(xl(t)_i) (l—s_i_3 a) <0,

() = e () 4 %

whose solution is:

Furthermore, as the large firm loses market share, its incentives to price highly diminish,
and competition becomes more intense. Hence, the average price in the market is decreasing
over time. In detail, let p(r) = p1(x1(#))x1(t) + p2(x1(t))x2(¢) denote the average price
charged in the market. After some algebra, it follows that:

K 1\7. 0
p(t) = [E(S —a) (xl - 5)])61 <0

Note that in steady state, market shares become symmetric, as lim;_, o x1(¢) = %, and
both firms’ equilibrium prices converge to their lowest level,
1 a s(1+9)
2 2(0+p) 3(0+p)

lim p;(t) = p* =
1—00
These results are summarized next:

Lemma 2 In a dynamic setting:

(i) Firms’ market shares become more symmetric over time, and they become fully sym-
metric in steady state.
(ii) The average market price is decreasing over time, and it is thus lowest in steady state.

3.2 Comparative Dynamics

We end this section by performing comparative statics of equilibrium outcomes as switching
costs s increase. We start by focusing on equilibrium prices charged by the two firms at a
given point in time before reaching the steady state:

Lemma 3 In the short-run:

(i) Anincrease in s reduces the price charged by the small firm;
(ii) There exists X1 > 1/2 such that an increase in s reduces the price charged by the large
firm if and only if x| < X].
(iii) An increase in s enlarges the price differential.
(iv) There exists X1 > X1 such that an increase in s reduces the average market price if and
only if x1 < X1.

Proof See the “Appendix 2”. O
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Fig. 2 Prices charged by the large firm (thick lines) and small firm (thin lines) as a function of the switching
cost s, assuming p = 5 and x; = 0.6 (dash), x1 = 0.8 (dots), x; = 0.9 (solid)

When switching costs increase, price choices reflect two countervailing incentives. An
increase in s changes the harvesting and poaching effects, inducing the large firm to price
less aggressively and the small firm to price more aggressively. However, in a dynamic
setting, a higher s also changes the investing effect, as it implies a greater value of attracting
customers in order to increase future profits.

For the small firm, all three effects point to the same direction. Accordingly, the price
charged by the small firm unambiguously decreases in the switching cost parameter, s. In
contrast, the large firm faces countervailing incentives as s increases. Since the incentives to
charge higher prices today are greater the larger the firm’s market share, there exists a critical
market share X] below (above) which the investing (harvesting) effect dominates, so that the
price charged by the large firm decreases (increases) in s.

As an illustration, Fig. 2 depicts the price charged by the two firms as a function of the
switching cost parameter, s, for different values of the large firm’s market share. As it can be
seen, the price charged by the large firm decreases in s for low values of x; but increase in s
for high values of x1. In contrast, the price charged by the small firm is always decreasing in
s. In all cases, the vertical distance between the prices charged by the two firms widens up
as s goes up.

Let p(t) denote the average price charged in the market. As s increases, the average price
changes as follows:

Ip(®) _ 3(p1L—p2)

+( Yo
as as . pr—>rp2 s

The first term is positive given that an increase in s enlarges the price differential. However,
the second and third terms are negative. Hence, the sign of the effect of s on average prices is
ambiguous. In particular, an increase in s leads to a reduction in the average price only when
firms are sufficiently symmetric, i.e., if x; < X]. Note that x| > X7 as x| < X is a sufficient
condition for the average price to go down in s, as both firms’ prices are decreasing in s
(part (ii) of the Lemma). In sum, an increase in switching costs might be pro-competitive
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Fig. 3 Average price as a function of the switching cost s, assuming p = Sand x| = 0: 6 (dash),x; =0:8
(dots), and x| = 0.9 (solid)

or anti-competitive depending on whether firms’ market share are more or less symmetric.
Figure 3 provides numerical support to this claim.

The fact that the price differential across firms goes up in s (part (iii) of the Lemma)
implies that higher switching costs also slow down the transition to a symmetric market
structure, and hence lead to a lower rate of decline in average prices. To see this more
clearly, note that when s = 0 firms charge the static price, half of consumers switch, and
therefore the large firm’s market share erodes quickly. When s > 0, the large firm’s market
share also decreases over time, but not as fast. The reason is that although it looses some
consumers, it keeps more than half among those who have the opportunity to switch because
d (p1 — p2) /9s < 1. This can be seen as an anti-competitive effect of switching costs in the
short-run, which arises regardless of the degree of market share asymmetries.

The following Lemma summarizes the effect of switching costs on the equilibrium dynam-
ics.

Lemma 4 An increase in switching costs s:

(i) reduces the rate of decline of average prices and
(ii) delays the transition to the steady state.

Proof See the “Appendix 2”. O

Nonetheless, in the long-run, switching costs are pro-competitive: the higher the switching
cost, the lower the equilibrium price in steady state. Indeed, in steady state, once firms’ market
shares have become fully symmetric, only the investing effect plays a role. Hence, an increase
in s, which increases the future value of current sales, makes competition fiercer and thus
lowers equilibrium prices.

Lemma S In steady state, an increase in switching costs reduces prices.

Proof See the “Appendix 2. O
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4 Extensions
4.1 Price Discrimination

So far, we have assumed that firms cannot price-discriminate between old and new consumers.
In this section, we explore whether the possibility of price discriminating between old and
new consumers alters our previous results.'0

We keep all our previous assumptions, but allow firm i to set a price p;; to its current
consumers and (possibly) a different price p;; to consumers previously served by firm j.
Accordingly, the revenue accrued in the infinitesimal time interval (¢, ¢ + df] can be written
as

i (1) = piixi(t) — pii (1 — qii) xi (t) + pjiqjix;(t) 8)

where the first two terms represent the revenue from the old customers who do not switch to
the rival, and the third term represents the revenue from new customers.

The switching probabilities are analogous to those in the no-discrimination case. In par-
ticular, the probability that a customer served by firm j switches to firm i, g;;, is now given
by

11—y

5 T Pii TP

qji = )

where we assume pj; — pjj € [—%(1 +5), %(1 — s)] . Conversely, the probability g;; that
a customer already served by firm i maintains this relationship is now given by,

1+s
2

qii = — Pii + Dij

where we assume p;; — p;j € [—%(1 — ), %(1 +s)] .
Substituting ¢ j; and g;; into (1) and taking the limit, as df — 0 we have:!!
. 1—ys
5i(t) = —xi()(L = s+ pii = pji + Pjj = Pij) + —— = Pji T Pij:
Similarly, substituting ¢;; and g;; into (8), and using condition x(¢) + x2(¢) = 1, we

obtain the rate at which revenue is accrued by firms 1 and 2,

2

1+s 1—s
+ P T—P11+P12 — P21 2 — p21 +pa )| x1(t)

1+
m(t) = pxn — P2 + p21

1 —s 1+
+ | P12 T—Plz-i-l?u —r| —p2n+pa)|x1(®)

1—ys
m @) =pa|—=——pa+p2

We are now ready to characterize equilibrium pricing under price discrimination.

10 [4] also considers the case when the seller is able to discriminate between locked-in and not locked-in
consumers.

11" Note that in the no-discrimination case, pii = pji and pj; = p;;j. Hence, the price terms in parenthesis
canceled out in that case.
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Proposition 2 The unique Markov Perfect Equilibrium in affine pricing strategies is:'
_ 1 s 1 1
P11—P22—2 3 1+p_% )
_ s 1 n 1
P21—P12—2 3 1+p—%5 2
Proof See the “Appendix 2”. O

In the no price discrimination case, the trade-off between the “harvesting” and the “invest-
ment” effects led the large firm to charge higher prices than the small one. In contrast, under
price discrimination, such a trade-off no longer exists as firms can set higher prices for the
old consumers and lower prices for the new ones.!> As a consequence, equilibrium prices do
not depend on market shares, as can be seen in Proposition 214

Intuitively, one would expect bigger firms to charge higher prices to old customers than
smaller firms, just as monopolists charge higher prices in bigger markets. However, there is
a countervailing effect: The bigger the firm’s market share, the smaller its rival’s, and hence
the more aggressive the latter becomes. Therefore, while a large firm has strong incentives
to charge higher prices, it also faces a tougher rival. As it turns out, the two effects cancel
each other, implying that prices do not depend on firms’ market shares.

Therefore, in this context, market shares are inconsequential. Still, it is interesting to
point out a robust effect of switching costs on market share dynamics. Regardless of whether
it is possible to price-discriminate or not, symmetric switching costs imply that market
shares converge to full symmetry over time. Indeed, along the equilibrium path in the price

discrimination case,
. s 1
f10==(1-3) (n0 -3

so that x (1) — % ast — oo.

For the new consumers, switching costs foster more competitive outcomes. Indeed, the
higher the switching cost, the lower the price for the new consumers. The reason is twofold:
First, competition to attract new consumers becomes fiercer as higher switching costs make
them more valuable for the future, and second, new consumers have to be compensated with
lower prices as switching becomes more costly.

The impact of higher switching costs on the price charged to old consumers depends on
the interplay between two countervailing effects. On the one hand, the higher the switching
cost, the higher the price that the firm can charge without inducing its current consumers to
switch. On the other hand, the higher the switching cost, the lower the prices these consumers
can get if they switch to the rival. For p < 1, the latter effect dominates, so that an increase
in switching costs leads to lower prices for the old consumers. Therefore, the overall effect
of switching costs is pro-competitive regardless of market structure.

These results are summarized below:

Lemma 6 If p < 1, under price discrimination, an increase in switching costs s reduces
prices for all consumers.

12 Similarly to the no price discrimination case (Proposition 1), as s — 0, we retrieve the prices of the static
. . 1

game for both types of consumers, lim;_, ¢ p}; = limg_0 p}; = 5.

13 Indeed, the price discount offered to new consumers is constant at s /3.

14 Mathematically, this arises since the co-state variable A; = g% is constant.
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Proof See the “Appendix 2.” O

This result relies on the assumption that switching opportunities arise according to a
Poisson process with unit rate. Lower rates for switching imply the firm with dominant
market share is less exposed to the possibility of losing customers. In other words, with
a lower rate for switching opportunities, there are limited inter-temporal effects to current
pricing decisions and (as in the static game) an increase in switching cost might not be
pro-competitive.

4.2 Asymmetric Switching Costs

In the basic model, switching costs were symmetric across firms. We now allow switching
costs to be asymmetric. In particular, we assume that only customers switching from firm 1
to firm 2 experience a cost, whereas customers switching from firm 1 do not face any cost.
Following a similar logic as in the basic model, the model specification would now be the
following:

1 1
a1 =3 —(p1—p2) qu1 = 5(1+S)— (p1 — p2)

where py — py € [-3(1 — ), 3(1 + 5)] so that g21 and gy belong to (0, 1). Following the
same steps as in the case with symmetric costs, we can derive the results for the asymmetric
switching costs case.
We reconstruct our differential game model so that the difference equation (1) is now
x1(t +dr) — x1(¢) 1 (1 S)

— —x1(t
ar > p1+ p2 —x1(8) >

In the limit as dr — 0, we obtain:

. s 1
1= (1=3)+5—pi+p>

Substituting in (2), we obtain the instantaneous rate at which revenue is accrued by firms
1 and 2,

s 1
7y (1) = p1 (xl(t)i + ;TP +P2)

s 1
(1) = p1 (—xl(t)i + 5P + Pl) .

In the following result, we revisit the structure of dynamic equilibrium pricing policies
for the case of asymmetric switching costs:

Proposition 3 The unique Markov Perfect Equilibrium in affine pricing strategies is:

p1(x1) =%(%—a)x1+p’f

S
(f —a)X1 + 3.

1
p2(x1) = —3 >

3

where a € (O, %) is the smallest root of the quadratic equation

7 2
2a2—3(2+p—1—8s)a+%20,
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and

« 11 s n a
PEa7 230+ " 1rp-2(ry))

N 1 s a
Pp=5-5 - p)
2 2\3d0+p 14+p—3(a+3)

are a Markov Perfect Equilibrium.

[u—

Proof See the “Appendix 2”. O
In the dynamic equilibrium, firm 1 prices less aggressively regardless of whether it is large

or not, i.e., regardless of whether x| > % or x| < % In this case, the equilibrium dynamics
are:

SCE P TR

= (“’(’ ))x”L +l+p—2(a+%)'

xX1() = (x1(0) — x1(00))e~13GH2) 4y (00),

The solution is

which, in steady state becomes,
1, a
2 T @)

o0) = lim = ——= =7 —.
x1(c0) = lim x(2) I=1(3+20) 5

Note that
. 278 a
tl_l)fgo[Pl(xl(l)) —p2(x1(1)] = 3 (5 —ll) x1(00) — m > 0-

These two expressions show that, in the long-run, the asymmetric structure of switching
costs allows the firm from which it is more costly to switch (i.e., firm 1) to remain dominant
despite charging higher prices. To see why this is the case, recall that switching in both
directions is always possible. Hence, once customers switch to firm 1 they are in a certain
sense “locked-in,” implying that firms 2 can lose market share despite charging lower prices.
The degree of asymmetry in the long-run market structure is increasing in the magnitude of
the switching cost, which in turn leads to higher steady-state prices.

4.3 Strategic Choice of Switching Costs

Building on the previous analysis, we now consider a situation in which firms can determine
whether or not to impose a switching cost s on their costumer base prior to choosing prices.
Proposition 3 suggests that asymmetric switching costs might have anti-competitive effects by
creating or reinforcing firm dominance. However, for ex-ante symmetric firms and sufficiently
high discount factors, we show that the unique equilibrium of the switching costs choice game
involves both firms imposing switching costs on their customers.

This results derives from a prisoner’s dilemma incentives structure, which is reminiscent
of several results in industrial organization, e.g., the impact of forward contracting on spot
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market outcomes [1]. More specifically, starting from the no switching costs case, each firm
has unilateral incentives to impose switching costs on its customers in order to be able to
charge higher prices. However, this cannot constitute an equilibrium as the firm from which
it is not costly to switch would also have incentives to impose a switching cost in order to
gain market share. Therefore, even if firms are better off in the no switching costs case than
in the symmetric switching costs case, the former cannot be sustained in equilibrium.

To see this formally, assume that firms are ex-ante symmetric, i.e., they evenly share the
market in the first period, x1(0) = x2(0) = % and consider the following game:

|| Switching Cost No Switching Cost

(Vi(s, 5); Va(s, 8)) (Vi(s, 0); Va(s, 0)
(V1(0, 5); V2(0, 5)) (V1(0, 0); V2(0, 0))

Switching Cost
No Switching Cost

The next proposition characterizes the unique equilibrium of this game:

Proposition 4 There exists p > 0 such that for all p < p, (s, s) constitutes the unique
equilibrium of the switching costs choice game with ex-ante symmetric firms.

To prove the above result, let p;** and pf’o, respectively, denote the equilibrium pricing
strategies for firmi € {1, 2} under symmetric switching costs (Proposition 1) and asymmetric
switching costs (Proposition 2), when it is costly to switch from firm 1 but not from firm 2.
Similarly, let us denote a** and a*° the solutions of the quadratic equations in Propositions
1 and 2. After tedious algebra,15 it follows that

lim [py* (033" (1) — 005001 > 0.
—00

Essentially, the effect on revenues due to the price decrease is smaller than the effect on
revenues due to the market share gain. In steady state, this revenue difference implies that
the difference in value functions is also positive,

Va(s,s) = Va(s,0) = [e P [p5" (1)x5" (1) — p5 (x5 (0)1dr > 0
0

for p < p. In words, as long as the discount factor is sufficiently high so that the steady-state
profits matter, firm 2’ best response to firm 1 investing in switching costs s is to also invest
in 5. This rules out the existence of an asymmetric equilibrium. Moreover,

Vi, 0) = Vi0.0) = [ [p2i 00 — pt 0wt ar
0

® 0 0 1
= [e™” |:pi (Hxy7 (1) — Z] dr > 0,
0

since x‘f’o(t) — % > % — p‘i’o(t) > O fort > 0. Thus, imposing a switching cost is a dominant

strategy. This proves the existence of a unique Nash equilibrium, the one with symmetric
switching costs. Furthermore, note that this equilibrium is Pareto dominated by the case with
no switching costs as,

Vi(0,0) — Vi(s, s) = Te_p’ I:p?’o(t) - pf“(z)] Lar=o0.
0 2

15 Available from the authors upon request.
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5 Conclusions

Many information technology products and technologies exhibit switching costs (i.e., costs
that customers must bear when they adopt a new product or technology). Typically, switching
costs arise when there is limited compatibility between an old product (or technology) and
a newly adopted one. In this paper, we have analyzed the effect of switching costs on the
nature of dynamic price competition.

‘We have shown that symmetric switching costs can be pro-competitive when the magnitude
of switching costs is not too high and firms’ market shares are not too asymmetric. In a Markov
Perfect equilibrium, the dominant firm concedes market share by charging higher prices to
current customers in the short-run. As the market structure becomes more symmetric, price
competition becomes fiercer. The average price charged in the market is decreasing over
time and in the long-run equilibrium prices are decreasing in the magnitude of switching
costs.

However, in the short-run, switching costs have an ambiguous effect on market prices.
When market shares are sufficiently asymmetric, an increase in switching costs implies
that the large firm behaves less aggressively in order to exploit its customer base. In
other words, the harvesting effect dominates, and switching costs lead to higher prices.
It is only when firms’ market shares become sufficiently symmetric over time that the
investing effect dominates, thus leading to lower prices in markets with higher switching
costs.

The analysis of the case with asymmetric switching costs suggests that, in the long-
run, the asymmetric structure of switching costs allows the firm from which it is more
costly to switch to remain dominant while charging higher prices. Since there is no conver-
gence to full market share symmetry, switching costs are anti-competitive even in the steady
state.

However, we have shown that for ex-ante symmetric firms, the asymmetric switching
costs configuration does not constitute an equilibrium since the firm from which it is not
costly to switch would optimally invest in switching costs. Indeed, the unique equilibrium
of the switching costs choice game has both firms choosing symmetric costs, even when
these make the market more competitive. This may explain the prevalence of certain busi-
ness practices such as loyalty cards and frequent flyer programs by all firms in a given
industry.

Our model also helps to explain the prevalence of other business practices such as intro-
ductory pricing, which is particularly widespread in markets with switching costs. Allowing
for price discrimination between old and new consumers, we show that those consumers
who decide to switch into a new firm are given a price discount that is increasing in the
value of switching costs. Furthermore, for reasonable values of the discount factor, an
increase in switching costs reduces prices for all consumers, regardless of market struc-
ture.

In sum, the presumption that switching costs are anti-competitive is misplaced as a gen-
eral statement. There are several instances in which switching costs should indeed raise
competitive concerns. For instance, this should be the case in concentrated markets in which
firms cannot condition their prices on past purchasing decisions, or in markets in which one
firm enjoys a competitive advantage as consumers find it relatively cheaper to switch to it.
However, since there are many other instances in which switching costs foster more compet-
itive outcomes, e.g., when price discrimination is possible, the assessment of the competitive
effects of switching costs should be carried out on a case-by-case basis.
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Appendix 1: Forward-Looking Consumers

In this appendix, we show that the pro-competitive effect of switching costs on steady-
state prices found in the basic model of Sect. 2 is robust to allowing for more forward-
looking consumers who aim to maximize their total discounted consumption surplus over
the infinite horizon. Hence, they may abstain from switching when they correctly anticipate
price increases in the future. In our extended model of switching, we assume that consumers
are able to correctly anticipate infinite price trajectories when deciding whether or not to
switch. However, we only consider the open-loop solution to the stochastic optimization
problem in which a consumer has to decide whether or not to switch taking into account
future opportunities to switch (at random times) subject to (random) switching costs. For
simplicity, we only focus on the case of (exogenously given) symmetric switching costs.

Let us denote by p{(t) consumers’ anticipation of firm i’s price at time T > ¢. Given
current prices, p; (f), consumers assume

Pl =api (e’ 48 ©)
p5(0) = apa()e VD 4 B, (10)

where «, B,y > 0. Note that consumers anticipate that price differences will gradually
decrease over time. We assume all consumers use a normalized discount rate.

When an opportunity to switch arises at time ¢ > 0, a consumer currently served by firm
j would opt for firm i provided that

jo(v —pi(r))e " dr —§ > T(v - pjf(t))e‘fdt.
t t

Thus, the probability g;; (t) that a customer served by firm j switches to firm i at time r > 0
is given by

gji(t) =Pr (f(v —pi(t)e fdr =5 > [(v— p?(r))e‘rdr) .
t 1
With some algebra,
_ 1 o
q;i(t) = 5(1 —s) - m (Pi(f) - Pj(f)),

assuming that p; (1) — p; (1) € [—H’Ty(l —5), g s)]. Conversely, the probability that
a customer already served by firm { maintains this relationship at time ¢ > 0 is given by

gii(t) = Pr (5 > ofo(pl.e(-c) _ pj(r))e—(r—t)d_[)
t

L Y (pit) = pit
E( +S)—m(171()—17/())~

Note that when % < 1, forward-looking consumers are less sensitive to current price
differences than myopic consumers.

By comparing switching probabilities with myopic and with forward-looking consumers,
it can be seen that equilibrium prices p;(x1) in the latter case can be obtained by a simple
rescaling of the equilibrium prices in the former, i.e., p;(x1) = ITTV pi(x1)- Therefore, the
price dynamics with forward-looking consumers remained unaltered as compared to the

myopic consumers case. In other words, the pro-competitive effect of switching costs on
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steady- state prices survives the presence of more sophisticated consumers. Still, the pro-
competitive effect is slightly attenuated because forward-looking consumers are less sensitive
to current price differences.

For completeness, let us stress that consumers’ anticipation of price differences over time
is correct provided that

1
) — ps(n) = % (P1(0) — p2(0)) .

or equivalently, using expressions (9), (10) and Proposition 1,

I+

2 _(1_s+2a
ae V= Jg (s —a)x1(0)e (1 3 )t~
o

For this to be the case, « and must take the following values,

y=1-524 and =, /2(1- ) (559)x(0).

Appendix 2: Proofs of Lemmas and Propositions
Basic Model
Proof of Proposition 1
The Hamiltonians are
Hi = e P m; + Aixi],

fori = 1, 2. The Hamiltonians are strictly concave so that first order conditions for MPE are
also sufficient (see [5]),

oH; —0
api
oH, 0H; 0
_71_7lﬂ:)\1 — pAi,
0x] op; 0x;
fori = 1, 2. These, respectively, lead to:
o N+loa (an
=— slx—= —
pr=5|\p =3 2 1
opr .
—Spl-i-(l—S)M—(1!71-i-)~1)aTCl = A1 — pA (12)
! Nl (13)
=— —s{x—= —
r2=5\P =3 > 2
op1
spp+ (1 —S)kz—(pz—)»z)BTl =iy — pA2 (14)
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Equations (11) and (13) are firms’ best reply functions. Using them we can obtain equilibrium

prices,

(xl )+ +*()»2—2)\1)

w\h

s 1 1
=—x-= 20 — A
D2 3(X1 2)+2+ = (2A2 1)

Thus,

W _ s
ax; — 3 0xp

Substituting into (12) and (14) we obtain

2 (1= Yo =iy — o
3p2 32—2102

2s+12A—A A
3171 3 1 1 — PAL

We solve this system of differential equations by the method of undetermined coefficients.
Assume A; = a; (x] — %) + b; fori = 1, 2. Substitution into the last equation yields

2s (s 1 1 1 1 1
ey (§ (Xl - E) +t5+3 (az(x1 - E) + by —2a (xl - 5) —21?1))
2s 1 . 1
+(1 —?) (al (X1 — 5) +b1) =aix| —p(al (xl - E) +b1)
1—s 1
=a (—xl(l —S)+T—P1 +P2) — pai (xl —E)—/Obl

B Qo los 2 1 hth 1 b
=a; | —x s > 3 =3 3 par\x1 =35 P
1 2s 1 ai(x1 —§) +bi+a (x1 — 5) +b
=a | —(1— -5 )= (x—5
a1( (I—ys) (Xl 2) 3 (xl 2)+ 3

1
- — =) —pb
,Oal(xl 2) pb1

This results in the following two equations:

224 20— + (1 - 21) a = — (1 - 5) @+ 2@ +anar — par (15)
9" 79 3 3 3

L B Gy by + by (1 - 21) S (1-3)-pbr a6
309 3)73 2 3
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In a similar fashion,

2s s 1 1 1 1 1
Y (_§ (xl - 5) +to+ 3(2612 (xl - 5) +2by —ay (xl - E) —bl))
+1 - 2*8)(612 (xl - l) +b2)
3 2

. 1
=ayx) — p(az (x1 _5) + b2)
1—s 25( 1)+a1(x1—é)+b1+a2(x1—é)—i—bz)
2

T3 3

3

=a (—xl(l —5)+

1
- — =) —pb
,Oaz(Jq 2) pba

1 2 1 -Htp -Htp
:az(—(l—s)<x1—2)—;(xl—z)—l—al(XI 2)+1;ra2(x1 2) + 2)

1
— paz (xl - 5) — pby

We obtain two additional equations:

224 20 (-2 (1 s) i@ +a (17)
—=s —s(2a; —a ——|Jao=—\(l-3)a —(ay +az)ax — pa
9 9 2 1 3 2 3 2 3 1 2)Aaz paz

s 25 2s 1 ap K
-+ —2by — l——)=- —(1—-=)— 1
3 + 9( by b1)+b2( 3) 3(1?1 + by)ar + > ( 3) pbo (18)

Thus, substracting (15) from (17) we get:

-2 1( + )+2+1 2S+ ( y=0
3 3a1 a 9s 3 plla —ar) =

Hence, a; — a; = 0. Let a; = a» = a, we solve the quadratic equation implicit in (15):

2a2—3(2+p—zs)a+%s2:()

9 3

Then (16) and (18) imply by 4+ by = 0 and

_sd+9%9  a
3(L+p) 2(1+p)

So the equilibrium strategies can be rewritten as

1

s 1 1 1
p1= g(xl—i)-i-i-i-g()»z—zh)
s 1 1 1
P2 = 3 (xl - E) +§ + 5(212—)&1)
Or equivalently,
s—a( 1) 1 a s(1+9)
pP1 = X1—= )+ =<+ -
3 2) T2 20w 3 +0)
s—a 1 1 a s(1+9)
Pz =773 (x‘_§)+§+2(1+p)_3(1+p)
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Finally, we note that given the assumption s < g the pricing policies satisfy:

_2 1 1—s 1=z
pl(xl)_Pz(Xl)—g(S—a)(xl—5)e(_ R )

so that go, g1 € (0, 1).

Proof of Lemma 3

We first note that implicit differentiation in (3) yields:

da _ 4s + Ta
ds 92+ p)—Ts — 12a

€ (0, 1)

(i) Using this result, it is straightforward to see that % < 0. Taking derivatives,

ap2 1 da 1 da
e (1= _— -
as 3 (( Bs) (x1 2) + Bs)

1 1 2(s+a)+(l S) 1+13a
314p\3\3 2 3 3 20s
(i) Taking derivatives,

ap1 1 { da 1 l+8a

20 Z St -

as 3 as) T2 ds
1 1 2/ a K 1 1 0a
e (24 Z 1—=2)(=+=-22
31+p(3(3+2)+( 3)(3+28s))

The second term is negative, while the sign of the first term cannot be determined in
general. Solving for x1, expression above is positive if and only if

~ 1 1 2/5 a ! K 1 1 da 1 ] da
SR TR Th ) G 3G+ (-3 G+a5)) +a U+ 5

a

The fact that X > % follows since a(% is weakly increasing in x; and ag’—s‘ < 0 for

x| = %, as the first term becomes —g—‘; < 0.

(iii) It follows from the fact that the price differential p; — p; is directly proportional to
s — a and, as shown above, % < 1.
(iv) The proof is provided in the main text.

Proof of Lemma 4

(i) It follows from the fact that p(t) is inversely proportional to s — a and, as shown above,

94 1 (ii) The transition to the steady state occurs at a rate which is inversely proportional

ER
to ”32“, and as shown above, g—‘; > 0.

Proof of Lemma 5

Steady-state prices are

N a _s(l—i—%)
2(0+p) 31 +p)’

li i(t) = *—l
tggopl —1)—2
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Taking derivatives w.r.t. s,

ap* a da 1+5 s da 0
= — - - — <
as  20+p)ds 3(+p) 6(+pds

where the inequality follows from g—‘s’ €(0,1)anda < %

Price Discrimination
Proof of Proposition 2

The Hamiltonians are:
Hi = e [ + rix1]

fori =1, 2. A necessary condition for optimality is:

o; _ Bﬂ o; Y X1
opii "Opii Opji "opji
These conditions imply:

1#—217114-[712—%1 =0

1—=s
— =2pn+pn+i2=0

1—s
> —2paitpn—21 =0

I1+s

T—2P22+p21+k2=0

Note that these “instantaneous” best reply functions do not depend on x;. Hence,
s Aa—2h
pu=rpn=73(1+%§) +25724
1 2305
pi2=pxn =5 (1= 5) + =52

The remaining conditions are:

T T T = A — P
0x1 opij dxy opjj 0x
Since 22i = % _ () we have
ax| ax|
1+s 1—ys
—Dl11 > —pu+pr2)+pa > — p21+ p2

+ 21 (1 =5+ p11 — p12 — pa1 + p2) = A1 — ph

and

1—ys 1
—p12 ( 5 TP + Pll) + p» (5(1 +5)—pn+ le)

+a2(1 = s+ p11 — P12 — pa1 + p2) = A2 — pra
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We positasolution of the form A; = b;,i = 1, 2. Solving the equations above, we respectively

get:

1+S+b2—2b1 1+S+b2+b1
2 6 3 2 6 3

1 s  2by—b 1 s by+b; s

22 22 p(1-2
+(2 6 3 )(2 63 )+ 1( 3)
= —bip

1 s 2by — by 1 s+b2+b1

2 6 3 2 6 3

1 s  by—2b; 1 s  by+b s

242 242 b (1-2
+(2 6 3 )(2+6+ 3 )+2( 3)

Adding these equations we obtain:

b1 +b2) (140 -2) =

3

Thus, by = —b,. Plugging this into the FOCs above,
s
bl = 3 5 .
l+p—7%
Thus, prices are
_ 1 s
P11 = p22 = 2 3
. s
P12 = p21 = 273

Note that the price discount to new consumers is:
s
Pii — Pij = 3

Condition s < 1 guarantees that p;; — p;; € [—%(1
[—%(1 +5), %(1 — s)], as we had previously assumed.

Proof of Lemma 6

The comparative statics of prices with respect to s is,

opij _ I+p
ds (2s = 3p — 3)?
opii _ dpij 1
s Os +3
_ 5 Mt
(2s —3p —3)?

under the assumption p < 1.

Birkhauser
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Asymmetric Switching Costs
Proof of Proposition 3

As in the proof of Proposition 1, the Hamiltonians are

Hi = e [ + Aix1]

for i = 1, 2. First order conditions (which in this case due to concavity are also sufficient)
are:
oH; —0
api
oH; OH;dp; .
L .
dx1 dp; dx;
The first order conditions lead to:
L T (19)
p1 = 5 D2 2x1 ) 1
s s ap2 .
o4 (1=5) = (#0502 =i — ok 20)
2 2 daxy
! Y @1
= — — —X —
P2 B P1 ) 1 ) 2
s s ap1 .
2+ (=) —(p2—2r)— =i —ph (22)
2 2 3X1
Here, (19) and (21) imply that equilibrium prices are of the form:
s n 1 n A —2X
Pr=ghTsy 3
K n 1 n 20 — A
= ——X — —_—
Pr==g" Ty 3
Hence g% = —g%f = % Substituting into (20) and (22) we obtain
pa+ (1 S) o = o — ph
3Pz 3)r2 =R pA2
o+ (1 5) A =iy — ph
3171 3 1 = A1 — PAL

We solve using method of undetermined coefficients. Assume A; = a;x1 + b; fori = 1, 2.
Substitution into the last equation yields

1 1
—% (%xl to+ g(azm + by —2a1x) — 21?1)) + (1 - %) (arxi +bi)

= ai1x; — p(a1x1 + by)

K 1
=a (—Xl (1 - *) +--p +P2) — paixy — pby

2 2

s 1 Ls A+ A2
—a (- 1—7) e - — b
al(xl( ) +2 3x1+ 3 ) paix; — pbi

1 b b
=aqa (—x1 (l—§+§)+§+alm+ 1—3|—a2x1+ 2)—pa1x1—pb1
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This results in the following two equations:

w2+ (1= D) a = - (1= Han+ L+ ay 23)
5 gl 2a 3) = ¢)u T 3@tma —pa

2 Sy —2b) + b (1—5)—1(19 Fhar+ 2 pb 24)
6 9 2 1 1 3 = 3 1 2)dl ) j441

In a similar fashion, we obtain two additional equations:

2

L —2a)+(1—5)a :—(1—f)a + Yt aar — par 25)
18 9 1 2 3 2 6 2 3 1 2)Adz 2

S S @by —b) +b (1 S) Loy + boyas + %2 — oy (26)

5 Sy _5y_1 bt

6 9 2 1 2 3 3 1 2)a2 ) 122

The symmetry of Eqs. (23) and (25) imply a; = a» = a which is a solution to the quadratic
equation:

@=2—3(24p-Ls)at’ =0
a) =2a" — ——s)a+— =
& T 6
By adding and substracting (24) and (26) we obtain
a s
bi+by=——S—-b—by=—"—
l+p—3(@+3%) 3(1+p)

It follows that

b 1 s n a
==
2130+p) 1+p—32(a+3)

wio| Q
—_~

Q

+

wle

SN
| I

1 s
by =3 |- +
2[3u+m 1+p—2
The equilibrium pricing strategies can be written as:

xl(s )+1 1 s n
= —\|\-—a - — =
=31 2 2\30+p " T4p-2(ats

__ﬂ(i_@+l_l S @
R 27 2\30%0 Tp-2(a+y))

which concludes the proof.

Wi |
o8
S~—"
\—/
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