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Abstract

We present an oligopoly model that captures some salieturtssaof online market-
places. Consumers engage in non-stationary sequentiahdes@sed on partial product
information and advertised prices. We characterize coessinoptimal shopping be-
havior and study its implications for price competition argdhe sellers. Under some
regularity assumptions, we establish the existence amguaness of market equilib-
rium. We then study how equilibrium prices are influencedh®ymarket environment.
Among others, we show that a reduction in search costs isesaaarket prices, whereas
providing better product information before consumer cleanay or may not increase
market prices.

JEL Classification Numbers: D43, D83, L13.

Keywords : Online marketplaces; online shopping; conswsaarch; Bertrand com-
petition; product differentiation.

1 Introduction

Shopping on online marketplaces, which is already in ouryelay lives, typically takes
place in the following sequence. A consumer either seanitbsa specific query or chooses

*We are grateful to Raphael Boleslavsky, Martin Gervaisptvwdwang, Ayca Kaya, David Kelly, Manuel
Santos, and Jidong Zhou for many helpful comments and stigges
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an appropriate category. The website displays a list oablétproducts, with a brief descrip-
tion of each product, such as its image, manufacturer, maaak, and price. The consumer
clicks an item and obtains more detailed information abloetdroduct. There are more im-
ages and a more complete product description. Customeaws\are also often available.
The consumer either purchases the product or checks otbéugis. This process contin-
ues until the consumer either purchases a particular ptamueaves the website. Most
consumers check multiple products but rarely examine tdred product,which suggests
thatsearch costare significant even on online marketplaces.

We present a market model that captures these salient ésabfionline shopping. In
other words, we develop a market structure which partibulaell represents market in-
teractions on online platforms. There are a finite numberetéss and a large number of
consumers. Each seller posts his pcé:.onsumers have different tastes for the products
(horizontal product differentiation) but do not possedkifformation about their values for
the products. A consumer needs to visit a seller (i.e., slak item and reads its full de-
scription) in order to fully gauge her value for the produBtach consumer purchases the
best product among the ones she has examined or leaves thet maany point in the pro-
cess. Note that, although the model describes consumeriexpes on online marketplaces
particularly well, it is also applicable to traditional nkats with active price advertisements.

Our model is closely related to two strands of the literatumeoligopoly market struc-
tures. The first strand studies Bertrand competition undedyxt differentiation. In par-
ticular, our model adopts a taste-based framework by Rentaf Salop!(1985) and extends
it to accommodate search aspects of online shopping. Indeeanodel reduces to that of
Perloff and Salap (1985) if consumers face either no searsts ¢in which case they visit all
the sellers) or prohibitively high search costs (in whickecéhey visit at most one sellg').

For some concrete evidence, see, e.d., Kim, Albuguerqu8smhenberg [(2010) and
Dinerstein, Einav, L evin and Sundaresan (2014).

2We restrict attention to the posted price selling mechanigrhis is not only for analytical tractabil-
ity, but also because it is the dominant selling mechanisnordime marketplaces. Even on eBay, which
is a leading platform for retail auctions in the U.S., mosesaoccur through posted prices (see, e.g.,
Einav, Farronato, L evin and Sundaresan, 2013).

3We contribute to the literature itself by answering somerogeestions in_Perloff and Salop (1985). In
particular, we incorporate consumers’ outside options¢lwivere assumed away!in Perloff and Salop (1985)
for the sake of tractability), provide a technique to estdifthe existence and uniqueness of equilibrium (which
have been partially completed|in_Perloff and Salop (198} show that dispersive order is an appropriate
measure for preference diversity (Perloff and Salop (1988y showed that mean-preserving spreads have



The second strand introduces consumer search problemsligopoly settings. Our main
departure from this large literature is our assumptionphiaes are observable to consumers
before search. In other words, in most existing studiessaarers have imperfect informa-
tion about prices and, therefore, mainly search for a betiee, while in our model, they
search only to collect more precise information about pevdalues, knowing all offered
pricesH As demonstrated in what follows, this difference not onlgukees a distinct equi-
librium analysis, but also leads to quite different compigesstatics results.

We first solve for consumers’ optimal shopping strategiesoAsumer’s shopping prob-
lem can be interpreted as a non-stationary sequentialls@aoblem. Based on her prior
information about the products and advertised prices, shilds in which order to visit the
sellers. In addition, after each visit, she decides whetiineontinue to search or stop and
purchase from any visited seller. We employ an elegantisoldty \Weitzman|(1979), who
considered a more general class of non-stationary seaptihepns, and provide a complete
description of consumers’ optimal shopping behavior.

We then consider the pricing problem of the sellers. Prifestedemands through their
influence on consumers’ search behavior. The dynamic anetationary nature of con-
sumers’ search behavior complicates the derivation of denfiznctions. Nevertheless, we
show that the structure of our model allows us to precisedgliot each consumer’s eventual
purchase decision and, therefore, summarize consumesppsig outcomes in a simple
fashion. This enables us to interpret the pricing game asndifa discrete choice model
and, therefore, apply canonical techniques to estableskxistence and uniqueness of equi-
librium and characterize equilibrium market prices.

We also study how equilibrium market prices are influenceddryous market factors.
We begin by examining some familiar ideas in the literatiiie demonstrate that the con-
ventional wisdom that prices are lower in more competitireinments holds in our en-

ambiguous effects on market prices).

“We provide a detailed discussion on one exception regarthieg price-observability assumption,
Armstrong and Zhou (2011), at the end of the introduction. edv papers consider the case in which con-
sumers search for both prices and match values (that ispifisLener visits a seller, then she observes both the
seller’s price and her idiosyncratic value for the produ&ge, e.g!l, Wolinsky (1986), Anderson and Renhault
(1999)) Armstrong, Vickers and Zhou (2009), and Chen anc29é.X).

SChoi and Smithi (2015) considered a more restricted clasptirhal search problems, which still encom-
passes the optimal shopping problem in our model. Both Wigitr(1979) and Choi and Smith (2015) focused
on optimal search behavior, which our main focus is its icgilons for price competition among the sellers.
In other words, our model can be interpreted as an equitibriwodel of those two studies.



vironment. Specifically, we show that market prices de@emsthe number of sellers in-
creases (inside competition) or consumers’ outside optngmoves (outside competitioH).
In addition, we show that market prices increase as consirpesferences become more
dispersive. Importantly, our analysis reveals ttigpersive ordeis an appropriate measure
in the Perloff-Salop framework, thereby unifying sevenabarsed studies in the literatufe.

We provide two particularly intriguing results. It was rggized early on that the Internet
can dramatically reduce market frictions and, therefdreutd deliver more efficient market
outcomes, by transforming traditional businesses as well@ating many new markets. This
promise has been fulfilled in various ways by now, but sevein@homena that are at odds
with it still persist. In particular, it has been repeateddyported that the Internet has not
significantly lowered markups and reduced price dispergser, e.g., Ellison and Ellison,
2005; Baye, Morgan and Scholten, 2006) These suggest thahskictions are significant
even in online markets and cast doubt on the conventionalomshat a reduction in search
frictions is necessarily beneficial to consumers. The Walhg two results of ours provide
new insights on these fundamental issues.

We find that market prices increase as search costs decneasernodel. This is exactly
opposite to the standard result in the literature. As seewsks increase, a consumer is less
likely to leave for another seller and, therefore, morellike purchase from the first seller.
The sellers then have an incentive to extract more fromingsitconsumers and, therefore,
charge higher prices. This is the main mechanism behind ppeste result in the liter-
ature. However, it crucially depends on the assumption opmce advertisement, which
implies that the sellers cannot influence consumers’ sesdrategies (i.e., consumer search
is effectively random). In our model, the sellers competprines to attract consumers (i.e.,

5We note that our regularity assumptions about the disidbstare crucial for the competition results. It is
well-known that in the Perloff-Salop framework, marketgas may increase as the number of sellers increases
(see, e.gl, Perloff and Salop, 1985; Chen and Riordan, 200&)curs when each firm has significant mass of
loyal customers (who value the firm’s product a lot more tHandther products). In such a case, when the
environment becomes more competitive, each firm attempégtract more from its loyal customers, rather
than trying to steal away others’ customers. Although ogularity assumptions exclude this possibility, it is
easy to show that the same phenomenon can arise in our medeSe®tion]5 for a more detailed discussion.

TPerloff and Salop (1985) found that a natural stochastierand, mean-preserving spread, has ambiguous
effects on market prices, that is, market prices may inereaslecrease as consumers’ value distributions for
the products become more spread. Based on the observatlsgient studies have restricted attention to
rather simple measures of preference diversity (proddferrdntiation), such as constant scaling and variances
in Gaussian environments.



consumer search is price-directed). When search coseaisey this competition becomes
more important, given that more consumers would purchasea the first seller. This in-
duces the sellers to lower their price.

In contrast, providing better product information for coneers before search may or
may not increase market prices. Specifically, we show thaketgrices tend to increase
under severe (inside or outside) competition, while theosfip is true under mild compe-
tition. From a consumer’s perspective, obtaining bettedpct information is similar to a
reduction in search costs, in that both mitigate her seanctidm and, therefore, make her
less price-sensitive (more value-sensitive). Howeveir &ffects on consumer search behav-
ior are opposite to each other: the former induces consutoessarch less, while the latter
increases their incentive to search more. For the same &sgio the previous paragraph,
this intensifies price competition among the sellers aretefiore, has an effect of lowering
market prices. The ambiguous result of better product médion is driven by the presence
of these two opposing forces.

These results allow us to reinterpret various empiricalifigsl in the literature, which,
conversely, justifies the empirical relevance of our modmr instance, Lynch and Ariely
(2000) ran a field experiment with online wine sales and foiwadl providing more product
information lowers consumers’ price sensitivity. This gasts that sellers have an incentive
to raise prices as consumer preferences become more divehsevalue of search increases
and, therefore, is consistent with our results. Bailey €)2nhd Ellison and Ellison (2014)
reported that online prices are often higher than oﬁ-limieq;sH This naturally arises in
our model, given that search costs are significantly lowemiine markets than in off-line
markets. | Ellison and Ellison (2009) reported that markugsralatively higher for high-
quality products than for low-quality products. Within omodel, this can be understood
as consumer preferences being more diverse, or the retaisteof search being lower, for
high-quality products.

Our paper belongs to the fast-growing literature on el@itrcommerce. It is partic-
ularly related to two subsets of the literature. First, ¢hare several theoretical studies
that develop an equilibrium online shopping model. For epl@mBaye and Morgan (2001)
analyzed a model in which both the sellers and consumerslelednether to participate

8We note that this is not a universal finding in the literatufer example, Brynjolfsson and Smith (2000),
Brown and Goolsbee (2002) and Baye, Morgan and Scholterj2@forted the opposite pattern.



in an online marketplace, while Chen and He (2011) and Atine\Edlison (2011) pre-
sented an equilibrium model that combines position austwith consumer search. Our
paper is unique in that the focus is on consumer search wathionline marketplace. Sec-
ond, a growing number of papers bring search theory to statlpeomarkets. For exam-
ple, [Kim, Albuguergue and Bronnenberg (2010) developed rastationary search model
to study the online market for camcoders. De los Santos adsutand Wildenbeest (2012)
tested some classical search theories with online boolds#deand argued that fixed sample
size (i.e., simultaneous) search theory explains the datterithan sequential search the-
ory. Dinerstein, Einav, Levin and Sundaresan (2014) estichanline search costs and retail
margins with a consumer search model based on the “consmieset” approacH,and ap-
ply them to evaluate the effect of search redesign by eBayii2 Although empirical
analysis is beyond the scope of this paper, we think that guitierium model is tractable
and structured enough to be taken to data.

In terms of modelling, our paper is particularly close to Atrng and Zhou (201@.
They presented three models in which firms can influence eoessl search orders. Their
second model is based on observable prices and, therefoteutarly close to our model.
The specific model is very different from ours. In particuthey adopted a spatial duopoly
(i.e., Hotelling) model and assumed perfect negative tatiom for consumers’ values for
the products. Nevertheless, they also obtained one of guekellts, namely that a reduction
in search costs leads to higher market prices. This sugthedtthe result is likely to hold in
an even more general environment.

The rest of the paper is organized as follows. We introdueefdhmal model in Sec-
tion[2. We analyze consumers’ optimal shopping problem=uti6n 3 and characterize the

9This approach is similar to simultaneous search, in thahawmer is assumed to consider only and all the
options presented to her. It is simpler and, therefore, muoitable for empirical analysis than simultaneous
search, because the set of options for each consumer isrexagjg determined, for example, by firm adver-
tisements, rather than optimally selected by herself. fseexample, Goeree (2008) for an application and an
empirical implementation strategy of this approach.

10A precursor to this paper is Bakas (1997). He analyzed skveraions of a (circular) location model.
The main model is similar to Wolinsky (1986) and Anderson BRedaulti(1999): a consumer randomly selects
a seller and observes both his price and her value for theupto®ne of his extensions considers the case
where quality (value) information is significantly costltban price information. The limit version where price
information can be obtained at zero cost is equivalent tactte® where prices are publicly observable and,
therefore, correspond to Armstrong and Zhou (2011) and apep He did not provide a full characterization
for the limit model.



market equilibrium in Sectionl 4. In Sectidnd 5[ 6, 7, Bhd 8stuely the effects of competi-
tion, preference diversity, search costs, and informaiieeadity, respectively, on equilibrium
market prices. We conclude in Sectldn 9. All omitted progtsia the appendix.

2 The Model

The market consists of sellers and a unit mass of consumers. The sellers suppéretiff
tiated products, each with no fixed cost and constant mdrgasac > 0. At the beginning
of the market, each seller announces a price. We denopedsileri’s price In addition,
we letp denote the price vector for all sellers (i.p.= (p1, ..., p»)) @andp_; denote the price
vector except for sellers price (i.e.,p_; = (p1, ---, Pi—1, Pi+1, ---, Pn))- DENOtE bYD; (p) the
measure of consumers who eventually purchase from gelBaller:’s profit is then defined
asm;(p) = D;(p)(p; — ¢). Each seller maximizes his profit(p).

Each consumer has unit demand. A consumer’s value for s&lproduct is given by
v; = x; + y;, Wherezx; is known to the consumer before search, whjles revealed through
her visit to seller. The known component; represents a consumer’s prior estimate on the
value of the product, based on easily observable charsittstisuch as its brand and basic
design. The hidden componempt captures more precise information about the product,
which is available once a consumer inspects the product saedfully. As above, we let
x = (z1,...,2,) andy = (y1,...,y,) to denote a (representative) consumer’s value profile
for each component. We assume that for each consu’seare independently and identical
drawn according to the distribution functiédhandy;’s are independently and identical drawn
according to the distribution functia@. In addition,z; andy; are independent of each other
for any: andj. Finally, both " andG have full support over the real line and continuously
differentiable density andg, respectively.

Search is costly and with perfect recall. Specifically, eemhsumer needs to incur con-
stant cosk(> 0) to visit each seller. This mainly captures the opportunitstof time spent
for each visit but may also come from “obfuscation” (see,,&lison and Ellison, 2009;

we assume that the sellers do not have the capacity, or aalowed, to do any sort of price discrim-
ination. In the current search context, a particularlyignting possibility is to discriminate consumers based
on whether they are first visitors or returning ones. |See 20aZ%) and Armstrong and Zhou (2014) for some
developments along this line.



Ellison and Wolitzky, 2012). A consumer can purchase frognasited seller without addi-
tional costs.

A consumer’s ex post utility depends on her value for the lpased product;, its price
pi, and the number of visits she has made before purchase.fiakgiif a consumer has
visited k sellers and eventually purchases produtten her ex post utility is equal to

U(xi, i, pis k) =z +y; — pi — sk.

Each consumer can leave the market, without buying from altgrsat any point. A leaving
consumer takes an outside option and receives utilityl his outside option summarizes
the opportunity cost of shopping on the current marketp{aee the value of shopping on
another marketplace or visiting a local store). Each comsusrisk neutral and maximizes
her expected utility.

We maintain the following regularity assumption about treribution functionsF' and
G through the paper.

Assumption 1 Both density functiong and g are log-concave.

It is well-known that log-concavity is satisfied with var@well-behaved distributions (see,
e.g.,.Bagnoli and Bergstrom, 2005) and an appropriateiloligsibnal assumption in various
contexts. For example, it plays a crucial role in ensuring éRistence of equilibrium in
certain models (see, e.qg., Caplin and Nalebuff, 1991; Buesel Coles, 1997), and yields
intuitive comparative statics results in various situasigsee, e.g., Burdett, 1996). This also
holds in our model. We fully utilize Assumptidn 1 to ensure #xistence and uniqueness of
equilibrium and obtain several unambiguous comparatacstresults.

The market proceeds as follows. First, the sellers simetiasly announce pricgs.
Then, each consumer shops (searches) based on availaieatibn p,x). We study
subgame Nash equilibrium of this market game.

3 Consumer Behavior

We first analyze consumers’ optimal shopping (search) prob) given pricep € R’;. The
characterization is used in the next section to study thersébptimal pricing problems and



characterize market equilibrium.

3.1 Optimal Shopping

Given price9, each consumer faces an optimal search problem. Spegifieatih consumer
decides in which order to visit the sellers. In additiongaftompletion of each visit, she
decides whether to stop, in which case she chooses from wgeitdr, if any, to purchase
among those she has visited so far, or visit another selleiinvglement an elegant solution
by Weitzmah!(1979), who considered a broader class of optiezach problems. The linear
and symmetric structure of our model permits a sharper cteraation, as reported in the
following propositio

Proposition 1 Given the sellers’ price announcemempts= (p, ..., p,), the optimal shop-
ping strategy for a consumer with= (x4, ..., ,,) is given as follows:

(i) Optimal search order: The consumer visits the sellethendecreasing order af, — p;
(i.e., she visits sellerbefore seller; if x; — p; > ; — p;).

(i) Optimal stopping: The consumer visits seligf and only ifz; — p; + y* exceeds the
best available option by the point, that is,

z; +y* — p; > max{u, z; +y; — p;}, forall j such thate; — p; > z; — p;,
wherey* is the value that satisfies

= [ (- Gy)dy. 1)

The general solution in_ Weitzman (1979) is based on a sirgittirgs) index for each
option (seller). Specifically, let; be the value such that a consumer is indifferent between
obtaining utility r; immediately (which saves additional search ca$tand visiting seller

12The event that a consumer is indifferent between two chaicesrs with probabilityd. For notational
convenience, we ignore such independence (equality) tasaesyh the paper.
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Figure 1: A non-stationary shopping problem when there agellérs. It is optimal for the
consumer to visit seller 2 first and decide whether to vidles& or not, depending on the
realization ofy, (specifically, she visits seller 3 if and onlyat — py + v < 23 — p3 + y*).
She never visits sellers 1 and 4.

(which gives her an option to choose betweegandx; — p; + y;): formally,

ri=—s+ /max{'f’i,xi —pi + ¥ }dG(y;).

Weitzman|(1979) showed that the optimal search strategwisit the sellers in the decreas-
ing order ofr; and stop as soon as a realized vatue- p; + y; is greater than all remaining
r;’S. The solution is simpler in our model, because, due toitteat utility specification and
symmetry among the sellers, eaghreduces ta; — p; + y*.

To see consumer shopping behavior more concretely, carsmexample depicted in
Figure[1. Given the consumer’s information before seéxclp), the four sellers are ranked
in the following order:52, S3, S1, S4. If the consumer would visit all the sellers, she would
follow the same order. However, a consumer visits sélaly whenz; — p; + y* exceeds
the outside option.. Therefore, in Figuréll, she visits at most two sellerseselP and
3. She first visits seller 2. If the realized valueigfis sufficiently high (square dot), she
immediately purchases from seller 2. If not (triangle oeask dot), she visits seller 3 and
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decides whether to purchase from seller Z:{if- yo — po > max{z3+y; —ps,u}), purchase
from seller 3 (ifmax{xz3 + y3 — p3 > x2 + y2 — p2, u}), Or take the outside option.

Despite complexity, consumers’ optimal shopping straegxhibit various intuitive
properties. In particular, given pricgs consumers tend to visit more sellers as the unit
search cost decreases: if decreases, theyt increases, and thus a consumer is less likely
to stop. In the limit ass tends to0 (oc), almost all consumers never stop (never continue),
because* tends toco (—o0).

3.2 Shopping Outcomes

In order to characterize market equilibrium, it is necegsaderive demand functions. This
task is rather straightforward if consumers’ purchasesiecs depend only on prices and
their observable preferences (el.g., Perloff and Salo)1@8consumers do random search
(e.g.,.Wolinsky/ 1986; Anderson and Renault, 1999). In oodeh, consumers engage in
non-stationary sequential search, which significantly glicates the derivation of demand
functions.

Consider the simplest case where there are two sellers amatsioe option (so that each
consumer must purchase from one of the sellers). Even icélsis, there are three different
paths through which a consumer eventually purchases frdaer seFirst, a consumer may
visit selleri first and purchases immediately (the solid region in thedaftel of FigureR2).
Second, a consumer may visit sellefirst but eventually purchases from sellgthe solid
region in the right panel of Figufe 2). Third, a consumer migjt geller: first, tries seller
j as well, but comes back and purchases from seligre shaded region in the left panel of
Figurel2). Total demand for selleis the sum of all these demands. Therefore, in order to
evaluate price effects on total demand, it is necessarygoeggte the effects on all possible
paths. Notice that the number of paths grows exponentiafiiy ds the number of sellers
increases, and the outside option introduces additiomapéioation.

We overcome this difficulty by focusing on eventual purchadsesions, not on different
purchase paths. To see this concretely, consider the sampelgicase as above (without the
outside option). The precise conditions for the three paselpaths are given as follows:

o v, +y* —p; >z, +y" —p;andx; +y; — p; > x; +y* — p;: visit seller: first (first
inequality) and purchase produatithout visiting selleri (second inequality).

11
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Figure 2: The condition for a consumer to eventually choedlers over sellerj. The left
panel depicts the case when the consumer visits sdlefore sellerj (z; — p; > x; — p;),
while the right panel is for the opposite case { p; < x; — p;).

o Tty —p; > xj+y —pj, ity —pi < ;+y*—p;, andz;+y; —p; > x;+y;—p;: Visit
seller: first (first inequality), also visit sellef (second inequality), but recall product
7 (third inequality).

® ity —pi <Tj+y —pj,ri+y"—pi <xj+y;—pjandr; +y;—pi > x;+y;—pj
visit sellery first (first inequality), but come to sellé(second inequality) and purchase
product: (third inequality).

Notice that the first condition can be simplifieditp+ min{y;, y*} — p; > z; + y* — pj,
and the second and the third conditions together can beeddoe; + min{y;, y*} — p; >
xj +y; — p;. Intuitively, a consumer purchases produitshe either does not visit selléor
finds a sufficiently low realized value @f. Combining the last two inequalities, we arrive
at the following simple condition:

z; +min{y;, y*} — p; > x; + min{y;, y*} — p;.
This is a necessary and sufficient condition for a consumevreatually purchase from seller

12



i. This significantly simplifies the subsequent analysisabee it suffices to evaluate how
this inequality responds as each seller’s price changstgad of calculating marginal effects
on each purchase path.

Furthermore, the condition can be readily extended intg#meral case. It is easy to see
that with more than two sellers, the condition applies to paly of sellers and, therefore, a
consumer purchases produdtand only if the inequality holds for any = i (provided that
she purchases at all). For the outside option, it sufficesitbra+ min{y;, v*} — p; > v,
because it implies that the consumer will visit at least @ies(z; + y* — p; > w) and not
leave without a purchase(+ y; — p; > w). We summarize the results so far in the following
lemma.

Lemma 1 (Eventual Purchase)Let z; = x; + min{y;, y*} for eachi. Givenp, x, andy,
the consumer eventually purchases from seliéand only ifz; — p; > max{u, z; — p;} for
all j # .

Lemmd_l suggests that the random variableummarizes all necessary consumer value
information regarding eventual purchase decisions: intidgibbows, we often refer ta; as
effective consumer value. The hidden compongraffects a consumer’s purchase decision
only partially. In particular, conditional op; > y*, a consumer’s purchase decision is
independent of;;. This is a consequence of Propositidn 1: if a consumer \sgileri: and
drawsy; abovey*, then she purchases from sellerith probability 1, independent of the
exact value ofy;. Even ify; < y*, the consumer may eventually purchase from selbut
with probability less thari, because she may visit other sellers or simply prefer a pusvi
seller to selles.

Two remarks are in order. First, it is straightforward to@oenodate seller heterogeneity
into this lemma. It suffices to apply equatidn (1) and idenitifdividual-specificy’. Then, a
consumer purchases from selléf and only if z; — p; + min{y;, y;'} > max{u,z; — p; +
min{y;,y*}} for eachj # i. Second, it still depends on the specifics of our model. For
example, this result does not hold if prices are not obséevadfore search. In that case, a
consumer’s search decision is based on her expectations thigosellers’ prices, while her
final purchase decision depends on the actual prices chartpedefore, if a seller deviates,
then a consumer’s eventual purchase decision cannot be atimah as in Lemmal 1. In
addition, if a consumer can discriminate consumers basedhather they are new visitors

13



or returning ones, then the result obviously fails.
In order to utilize Lemmél1l, we leflf denote the distribution function for a random
variablez = = + min{y, y*}, that is,

*

Y [e%¢)
HE) = [ Ple-dGe)+ [ P - 1)iGw) @
oo -
The distribution functionH effectively summarizes all relevant preference inforomatie-
garding eventual purchase decisions. To see this morea@hgrconsider the case where

is sufficiently large that consumers visit at most one sellbis means that only the known
component: affects consumers’ eventual purchase decisions. Obseateindeed H (=)
becomes independent of Now consider the case wheses sufficiently close td. In
this case, most consumers visit all selleys i6 arbitrarily large in this case) and make fi-
nal purchase decisions based on full informatigny). This implies that both the known
component: and the hidden componentequally affect consumers’ purchase decisions.
Observe that{(z) tends toPr{z + y < z} = [ F(z — y)dG(y) ass tends ta0. In general,
the known component is fully reflected in consumers’ purchase decisions, winéeHhid-
den componeny affects consumers’ decisions only partially. The distiidnu function
incorporates this difference between two value componaragsimple fashion.

Due to its particular form, the distribution functidh inherits certain properties from the
two underlying distributiong’ andG, but not all. For example, its density, which we denote
by A in what follows, may not be single-peaked when b#indg are single-peaked. For our
purpose, more important is the log-concavity of the indutisttibution, as it plays an impor-
tant role in establishing the existence and uniquenessuiligum. In general, the density
function h does not inherit log-concavity, because of the mass point‘orThe following
result shows that, nevertheless, log-concavity is inbénhto the distribution functior .

As shown later, this suffices for our purpose.

Lemma 2 The distribution functior! is log-concave.

14



4 Market Equilibrium

This section analyzes the pricing game among the selleitdjiiupon the characterization
of consumer shopping behavior in Sectidn 3. We first deriveate functions and derive
their basic properties. We then establish the existenceaiogieness of market equilibrium.

4.1 Demand Functions

Recall thatD;(p) denotes total demand for seller In a slight abuse of notation, we use
D;(p;, p*) to denote the demand for sellewhen he postg;, while all other sellers post an
identical pricep*. We further abuse notation and denote/@y(p*) the demand for seller
when all sellers, including selléy announce an identical prigé.

Lemmd1 implies that the demand function for sellex given as follows:

D;(p) = /OO <H H(z — p; —|—pj)> dH (z;). 3)
J#i

u+p;

Notice that this formulation is a familiar one in discreteo® models (except that the dis-
tribution function 4 is not exogenously given here). As such, the demand fundiidp)
exhibits various standard properties. Among othéx$p) is decreasing ip; and increasing
in p; for any;j # 4, which means that the products are imperfect substitutesnather.

The following lemma reports two crucial properties of thendad functionD;(p).

Lemma 3 The demand functioP;(p) is log-concave and log-supermodulargn

Proof. Rewriting equation(3),

Di(p) = /Oo /oo <H H(z +min{y, y*} —p; + pﬁ) 9(y) f(x)dydz.
=yt pi JU—THp;s \ 4

Changing the variables with= = — p;, andl = = + y — p; yields

Di(p) = /OO* /OO <H H(min{l,k +y*} +pj)> g(l — k) f(k + pi)dldk.
u—y* Ju i
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All the ingredients in the integrand are log-concave (beeaof LemmdR and the log-
concavity off andg), and thus the integrand as a whole is log-concavé i p). Then, by
Prékopa’s theorer@ D,(p) is log-concave imp.
For the log-supermodularity, first observe that the logeewity of g implies thaty (I — k)
is log-supermodular i—1, —k):
dlog(g(l—k)) _— g'(l—k)

o= gll—k)
Since¢'(y)/g(y) is decreasing iry, —¢'(l — k)/g(l — k) is increasing in—k. Similarly,
f(k + p;) is log-supermodular inip;, —k) (by the log-concavity off), and H(min{l, k +
y*} +p;) is log-supermodular if—1, —k, p;) (by Lemmd_2). Since the log-supermodularity
is perserved under multiplication as well as under pamigdration (see Karlin and Rinott,
1980),D;(p) is log-supermodular ip. |

The two properties in Lemnia 3 are prevalent in various oligpmodels. The difference
is that they are driven by exogenous restrictions on the ddriumctionD;(p) (or, indirectly,
on the effective distribution functiof/) in most existing models, whil®,(p) and H are
endogenously determined in our model.

4.2 Market Equilibrium
We now state and prove our main characterization result.
Theorem 1 There exists a unique equilibrium, in which all sellers anncep* such that

1 [ h(max{u + p*, z})dH (z)"*
pr—c 11— H(u+p)") '

(4)

Proof. We establish this result with an elegant theory of superrf@adyames (see, e.g.,
Vives,[2005). Notice that the log-supermodularity of thended functionD;(p) implies the
same property for the profit function(p) = D;(p)(p;—c), becauséog m;(p) = log D;(p)+
log(p; — ¢). This implies that the pricing game among the sellers is @supdular game,
from which the existence of equilibrium immediately follsw

13The theorem effectively suggests that log-concavity is@need under partial integration. See, for exam-
ple,.Caplin and Nalebuff (1991) and Choi and Simith (2015¢pfésrmal statement of the theorem.
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For equilibrium uniqueness, lpt denote a symmetric equilibrium price. It is necessary
and sufficient (due to the log-concavityof(p) = D;(p)(p; — ¢)) that the equilibrium price
p* satisfies an individual seller’s first-order condition, ahds

1 ODi(p",p")/0pi
pr—c D;(p*)

(5)

The left-hand side is strictly decreasingyify while the right-hand side is increasingsh
(see the proof of Propositidn 3 in the appendix for a formabfy. Therefore, there exists
a unigue symmetric equilibrium. A standard result in supsEtalar games then implies that
there cannot exist any asymmetric equilibrium. |

4.3 Alternative Equilibrium Pricing Formula

The following transformation of the equilibrium pricingrfation (4), which can be obtained
by applying the definition off and changing the variables, is useful for ensuing comparati
statics exercises.

Proposition 2 The unique equilibrium pricg* satisfies the following equation:

L[S,
===/ e ©

where/J is a distribution function oveju + p* — y*, o) such that

p*

Ja) = Sty (f;ip*ft H (t+ min{y;, y*})”_ldG(yi)) dF(t) o
o fuoip*—y* (fuoip*—t H (t + min{y;, y*})”fldG(yi» dF(t).

To understand this result, first [Etz;, p;) denote the probability that a consumer with
eventually purchases produgctonditional on the event that sellepostsp; (while all other
sellers post the equilibrium prig€). Applying Lemmall['(x;, p;) is given as follows:

I ) 0 if 2, +y* —pi < u,
Tiy,Pi) = 00 . .
P f H(x; + min{y;, y*} — p; + p*)" 1dG(y;), if i +y* —p;i > .

utp;—w;
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Intuitively, a consumer purchases produdt and only if she has an incentive to visit the
seller (thus,z; + y* — p; > u), the seller's product is acceptable even after the hidden
component is revealed (thus,+ y; — p; > w), and she either does not visit other sellers or
does not find others’ products more desirable than sedléhus, H (z; + min{y;, y*} — p; +
p*)"1). Naturally,I'(z;, p;) is increasing inz; and decreasing ip;. Importantly,I'(x;, p;)
depends only on; — p;, which implies that the purchase probability is invaridnt;iandp;
change proportionally (that i§)(z; + A, p; + A) = T'(z4, pi))-

Integratingl’(z;, p;) overx; produces total demand for sellegequivalently, the uncon-
ditional probability that a consumer purchases prodyctlt follows that J(x;) gives the
equilibrium proportion of consumers whose observable comepts are below; among
those who eventually purchase produequivalently, the probability that a consumer’s ob-
servable component is less thaf conditional on her purchasing produ:t

Suppose seller decreases his price fropi to p* — . This increases the purchase
probability from['(x;, p*) toT'(z;, p*—¢) at eache; € X. The invariance property mentioned
above, however, implies tha{z;, p*) = I'(z; — , p* — €). This means that the effect of the
price change on the aggregate demand can be written as

Di(p*,p*) — Di(p* —¢&,p") = /F(lﬁi’p*)(f(l’z’) — f(zi —¢€))dz; = /F(ilfiap*)f'(xz’)€d$i-

Propositior 2 follows once this condition is combined wikle tfamiliar inverse elasticity
pricing rule.

5 Inside and Outside Competition

In this section, we address a classic question in industrgginization, namely the effects of
competition on market prices. Specifically, we examine hosvequilibrium price responds
to an increase in the number of sellers and to an increase ioutside option.

The following result reports that more intense competitihether inside or outside,
lowers market prices in our model.

Proposition 3 The equilibrium priceo* decreases in the number of sellerand the outside
optionw.
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In order to understand this intuitive result more deeplgt fiotice that consumers tend to
visit more sellers as increases: a consumer is less likely to stop because thdestxseller
becomes more attractive on average. This implies that coesibecome more selective
and are more likely to have higher values:gf conditional on eventually purchasing from
selleri. Similarly, when the outside optianimproves, consumers tend to stop earlier. Since
consumers visit in the decreasing orderpf p*, this also means that they are more likely to
purchase from sellers with relatively higher values:pfin both cases, the distribution func-
tion J in Proposition 2 increases in the sense of first-order swithdominance. Therefore,
for equation[(b) to be preserved, must decrease.

The effects of inside competition on market prices have hédrly investigated in the
Perloff-Salop framework. Our result complements exisfingings by incorporating con-
sumer search and proving the robustness of existing irssiglduch an environment. There
are two particularly intriguing results in the literatuose that equilibrium markupg{— ¢)
do not necessarily vanish astends to infinity and the other that market prices increase in
n under some distributions. Both results continue to holdunraodel. Inspecting equation
(©), it follows that the right-hand side convergesdita,, ... — f'(z;)/f(z;) asn tends to in-
finity. Therefore, equilibrium markups do not vanish if amdyaf f'(x;)/ f(x;) is bounde
The increasing-price result also depends on the behavifof) / f(z;). We obtain Propo-
sition[3 under the assumption thats log-concave. Iff is log-convex (i.e.,f’(x)/f(x) is
increasing), instead, then the opposite result holds. ssythe existence and uniqueness
of equilibrium (which is not guaranteed without Assumptin by the same reasoning as
above, market prices increaserin

The outside competition result is, to our knowledge, nevhliterature. The outside
option is known to significantly complicate the analysis, &iso be crucial for some results
(see, e.g., Perloff and Salop, 1985; Chen and Riordan, 2008) to the emergence of vari-
ous online marketplaces, it has become a lot more relevsunt isow. Contemporary sellers,
whether on- or off-line, compete not only within a markes®), but also across different
markets (platforms). Our simple reduced-form approachausly has various limitations,
but it is clear that the question is an integral one in theanirmternet age.

YFor example, iff is a normal distribution, thep* converges td, while if f is a logistic distribution with
scale parameter, thenp* — ¢ converges t@ asn tends to infinity.
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6 Preference Diversity

Product differentiation is a classic solution to the Betrgraradox (see Tircle, 1988): a
seller can retain the consumers who particularly value higlyct even if he charges a
higher price than the other sellers. It is plausible thatrtieee differentiated consumers’
preferences are, the higher prices the sellers charge.cohjscture has been one of cen-
tral questions in oligopoly models of product differentat (see, e.g., Perloff and Salop,
1985; Anderson et al., 1992; Anderson and Renhault, '1999%hi¢nsection, we address this
guestion within our framework. In so doing, we also geneeaiome known results in the
literature.
The following measure of stochastic orders, so catlexppersive orderplays a crucial

role in what follows.

Definition 1 The distribution functionf, is more dispersed than the distribution function
H, if Hy'(b) — Hy'(a) > H{'(b) — H; Y(a) forany0 < a < b < 1,

Intuitively, a more dispersed distribution function inases more slowly, as it density is more
spread. Note that this order is location-free (in the sems&tis independent of the absolute
values of the distribution function) and, therefore, neitis implied by nor implies first-order
or second-order stochastic dominance. Mean-preservapediive order, however, implies
mean-preserving spread: fif; is more dispersed thaH; with the same mean, thef, is a
mean-preserving spread &f

We first provide a result concerning the relationship betwte equilibrium pricep*
and the (endogenous) distribution functi Our result complements the findings in
Perloff and Salap! (1985). They studied the same problemhercase where there is no
outside option (i.e.u = —o0). They found that constant scaling of consumers’ prefezenc
necessarily increases the equilibrium price, but failedutther generalize the result. In
particular, they showed that the effect of mean-presersjmgads on the equilibrium price is
ambiguous in general. Our result reveals that there is a gewrsk in which dispersive order
is an appropriate measure of product differentiation grezice diversity).

15See Shaked and Shanthikumar (2007) for further details.

16A very close result was independently discovered by Zhod$20who studied the effects of bundling in
the Perloff-Salop framework. Precisely, his Lemma 2 is eajent to our Propositionl 4, provided that there is
no outside option (i.ey = —oo). Our result is more general than his, in that we allow fordbeside option.
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Proposition 4 The equilibrium pricep* increases as the distribution functidin becomes
more dispersive and (v + ¢) weakly decreases.

Proof. Equation[(4) in Theoreil 1 can be rewritten as

L [h(max{u+p*, z})dH (z)"! W(HY(¢)¢" + [, h(H}(a))da"""

p—c s(1— H(u+p*)") N ~(1—om) ’

where¢ = H(u + p*) and the second term in the numerator is obtained throughgatgn
the variable witha = H(z). Observe that iff becomes more dispersivé ! (a)/da =
1/h(H~'(a)) increases (i.e.h(H '(a) decreases) for each If, in addition, H(u + ¢)
decreases, them= H (u—+ p*) also decreases for apy > ¢, because a distribution function
crosses a less dispersive one only once from above. Noatédith of these lower the right-
hand side. Now recall that the left-hand side is strictlyrdasing irnp*, while the right-hand
side is strictly increasing ip* (equivalently,¢). Therefore, for the equilibrium equation to
be restoredy* must increase. |

Propositior.# becomes more transparent if there is no autgaion. In this case, the
second condition aboutl (u + c¢) is vacuous, and thus dispersive order alone dictates how
market prices vary. To see the necessity of the second comdiecall that dispersive order
and first-order stochastic dominance can go in the opposgetan, that is, a distribution
function H, can first-order stochastically dominates a more dispersdhulition function
H,. This means that an increase éfin the sense of first-order stochastic dominance may
decrease* if the change reduces the dispersionfof This counter-intuitive result arises
only when there is no outside option. With an outside optather distributional changes
(in particular, first-order stochastic dominance) alsouigrfice market prices. The second
condition captures the effect. Notice that it is signifitanteaker than, and is implied by,
first-order stochastic dominance.

We now return to our model and analyze the effects of varyungooimitive distribution
functions F* and G. Propositiori 6 suggests that it is most crucial to studyrtbffects on
the distribution function. The following proposition provides three ways to incretse
dispersion off, each of which then can be combined with Proposition 4.

Proposition 5 (i) Scaling: Suppose; andy; are drawn according to the distribution func-
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tions FY(z;) andG?(y;), respectively, wheré? (z;) = F(z;/0) andG®(y;) = G(y;/0). The
induced distribution functiol becomes more dispersive &mcreases.

(i) Hidden component: The distribution functiodd becomes more dispersive as the
distribution functionG becomes more dispersed.

(iif) Known component: If the density functighis decreasing over its support, théh
becomes more dispersive Adecomes more dispersed.

The results are fairly intuitive. The underlying randomighte for the distribution func-
tion H is z = x + min{y, y*}. Therefore, simultaneous scaling of batlandy scales up:
proportionally, which naturally increases the dispergidb# . Intuitively, making each com-
ponent more dispersive should also increase the dispeo$ithre overall distribution. The
argument works in general for the hidden compongriut not for the known component
x. This is, of course, because of the asymmetry between the ltwparticular, the upper
truncation structure off generates a probability mass for each This does not interfere
in the dispersion of; being transferred to that af but may between and:z. If the den-
sity function f is decreasing, it is still possible to establish the desiesailt. However, it
does not hold in general. Indeed, we have a counterexamplich market prices strictly
decrease when becomes more dispersed.

7 Search Costs

In this section, we study the relationship between the dguim pricep* and search costs
s. Although this is a classic question in search models, itdem®me an even more relevant
guestion, due to fast developments of communication tdolgres and online marketplaces,
which are believed to have dramatically reduced searcts.cdstuitively, a reduction in
search costs induces more consumer search, intensifies qumpetition and, therefore,
lowers market prices. This intuition has been confirmed istelg search models (see, e.g.,
Wolinsky, 1986; Anderson and Renault, 1999). In stark @stirwe find that the opposite
result holds in our model.

Proposition 6 The equilibrium priceo* decreases as the unit search cestcreases.

Interestingly, we prove this result by applying Proposiifh we show that the distribu-
tion function H increases in the sense of first-order stochastic dominarttbecomes more
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dispersive as decreases. Intuitively, consumers visit more sellers aschecosts decrease.
This makes consumers’ effective values increase (as théybBiter match values) as well
as more dispersed (@ss get better reflected). Then, for the reasons given in tbeipus
section (i.e., more dispersed consumer preferences)elieesscharge a higher price.

In most existing search models, prices are not observalolertsumers before search. In
this case, an increase in search costs decreases the valdditoidnal search and, therefore,
increases the probability that a consumer purchases froivea geller. This induces the
sellers to charge a higher price as search costs increaselr model, however, prices are
observable before search and influence consumers’ seanakibe(see Propositidd 3): the
lower price a seller offers, the more consumers visit hint.filks search costs increase,
consumers search less and are more likely to purchase frainfitist visit. This intensifies
price competition among the sellers and leads to lower mmﬂkee

In models without price advertisements, the effect of insneg search costs on the sell-
ers’ profits is ambiguous. Asincreases, the sellers charge a higher price and extragt mor
from remaining consumers. However, less consumers shdpeifirst place, and thus the
sellers face overall lower demand. In our model, the effedearly negative, as shown in
the following proposition.

Proposition 7 Each seller’s profitr; (p*) decreases in search costs

This result is particularly easy to see where there is naaitgption. In that case, total
demand is constant and, in equilibrium, each seller setyesof consumers. Therefore,
equilibrium prices and profits always move in the same diwact The sellers’ profits in-
crease ins without price advertisements (in existing models) but dase ins with price
advertisements (in our model). When there is an outsideoptotal demand depends both
on search costsand market priceg*. In our modelp* decreases in, which offsets a direct
reduction in total demand due to an increase.irHowever, in equilibrium, total demand
never increases sufficiently fast, and thus the sellerstpralways decrease asncreases.

In contrast, Propositionl 6 raises an interesting possjhiéigarding consumer welfare,

In a comparable monopoly setting, the same result holdsusecthe monopolist must compensate con-
sumers for their search costs. Intuitively, if search castssufficiently large, then consumers would not even
bother to search, unless the price is sufficiently low. Althlo this effect is present in our model, it is not the
driving force for Propositio]6. This is best reflected in fhet that Propositiohl6 holds even if there is no
outside option, and thus all consumers must visit at leastselier.
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namely that it may increase when search costs increase. ohaaise in search costs has a
negative direct effect on consumer welfare. However, ifdbkers lower their prices dra-
matically in response, overall consumer welfare may riseleéd, we have an example in
which an increase in search costs is beneficial to consumarsses when consumers’ out-
side option is sufficiently low and there are sufficiently feallers. In this case, the sellers
possess strong market power and, therefore, charge a high An increase in search costs
induces them to drop their prices quickly, up to the point rehtbe indirect effect outweighs
the direct effect and, therefore, consumer welfare ine@®as

8 Information Quality

In this section, we analyze the effects of improving infotima quality on online market-
places. Specifically, we study how consumers and selleppnelswhen consumers receive
more accurate information about their values before search

For tractability, we specialize our model into the Gaussanning environment through
this sectio@ Specifically, we assume that both and G are given by normal distribu-
tions with mearo. In addition, " has variancer?, while G has variance — o2, for some
a € (0,1). The variances are deliberately chosen so that a changédaes not affect the dis-
tribution for underlying ex post valuest-y: notice thatr ~ A(0, a?) andy ~ N (0,1—a?),
and thuse + y ~ N(0, 1), independent of.

We interpreta as the parameter that measures information quality. Tolsselearly,
first consider the case whenis close tol. In this case, consumers’ values for the products
are fully known before search. Then, the model shrinks toithRerloff and Salop (1985),
and consumers visit at most one seller. Now consider thewhsee« is close t0. In this
case, consumers have little information about their vaaret therefore, are likely to visit
multiple sellers. More generally, asincreases, consumers possess more prior information
about their values and, therefore, tend to search less.

In general, the effect of increasiagon the equilibrium market pricg® is ambiguous and
may take a complex structure, such as multiple peaks. Thisdause of the presence of two
opposing effects. On the one hand, effective consumer sétlieecome more diverse: pre-

185ee _Choi and Smith (2015) for a thorough discussion on tharddges and foundation of this specifica-
tion.

24



cisely, an increase of incurs a mean-preserving spread of the distribution fondt 15 As
shown in Sectiofl6, this tends to make consumers less peitgtve (more value-sensitive)
and, therefore, increase market prices. On the other hadécreases the value of visit-
ing an additional seller and obtaining further informatand, therefore, lowers consumers’
search incentives. Similarly to an increase in search castSectiori 7, this intensifies price
competition and, therefore, depresses market prices. Mhe&tincreases or decreasesin
depends on the relative strength of these two effects.

We provide two results that help us understand what goes witrexfirst result highlights
the role of inside competitionnf), while the second result illustrates the role of outside
competition {). We provide an intuitive explanation for each result, wh#legating formal
proofs to the appendix.

Proposition 8 Suppose there is no outside option (ize = —oc). There exists an integer
n*(«) such that a marginal increase im increases the equilibrium market prigé if and
only if the number of sellers exceeds*(«).

To understand this result, first notice that consumer denfiendach seller becomes
more elastic as the number of sellergncreases, because it becomes more likely that there
are close substitutes for each seller’s product. This iesghat the first preference-diversity
effect has a larger marginal impact on the market price wheretare more sellers. In con-
trast, the second search-incentive effect is less seasdithe number of sellers. Therefore,
market prices tend to decreaseninvhen there are few sellers and increase wvhen there
are many sellers.

Proposition 9 If the outside option exceegds (givena € (0, 1)), then a marginal increase
in « increases the equilibrium market prigé.

If the outside optionu is sufficiently lucrative, then consumers explore a produnty
when it looks sufficiently promising (i.ez, is sufficiently large). In other words, consumers
have little search incentives. This implies that the seceatch-incentive effect has only a
small marginal impact. Since the first preference-divgrsifect dominates, market prices
increase in.

195ee the proof of Propositign 8 in the appendix.
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9 Conclusion

We have developed a new market structure that captures smmengnt features of on-
line shopping and examined many basic properties of the m@smsumers undergo non-
stationary sequential search based on partial produathatoon and advertised prices. We
have explained how to accommodate such non-stationargtsbahavior in an equilibrium
framework and how to apply existing techniques to charatéhe market equilibrium of
the model. In addition, we have studied various implicaifor price competition among
the sellers. Among others, our model predicts that markeegiincrease as search costs
decrease, which is opposite to a common result in existimgwmer search models. In
contrast, providing better product information beforerskawhich also eases off consumer
search, may or may not lead to higher market prices. Theséis@se consistent with some
existing empirical findings and provide concrete guidamcditure work.

Price dispersion is a pervasive phenomenon evenin onlimleem@ We have abstracted
away from it, in order to glean main insights from our modekenefficiently. There are two
straightforward ways to generate price dispersion withinfeamework. First, if there is no
heterogeneity among consumers about the known compaergeet, the distribution function
F'is degenerate), then the sellers’ demand functions areontihcious (as all consumers use
the same search order), and thus equilibrium necessavityvies price mixing. Although
this alternative specification generates price dispergiswell-known that it is analytically
intractable and, therefore, not suitable for further as@dy Second, more directly, it suffices
to introduce heterogeneity among the sellers. Variousigations are possible: the sellers
may have different search costs)( marginal costd;), or different consumer valuesy; G;).
For either specification, our techniques in Sectiohs 3[andmhbe used to establish the
existence of equilibrium. Equilibrium uniqueness is mu&rder to establish, but some
comparative statics results would be feasible, due to thersaodular structure of the game.
We leave these and related extensions for future research.

Our framework can be used to evaluate the effects of variolic@s by platform providers.
To begin with, it is clear that ex ante price information igegcial to consumers: notice that
if search costs are negligible (i.&.,is close to0), then it does not matter whether prices

20See, e.gl, Brynjolfsson, Hu and Smith (2003), Bave, Morgah%cholten (2004), and Ellison and Ellison
(2005).
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are observable before search or not. However, market pncesase irs if prices are not
observable, while they decreasesinf prices are observable. Therefore, price advertise-
ments always lower market prices. It also follows that afptat provider would be willing

to restrict the use of hidden fees. We did not specify a platfprovider’s preferences,
but her profit maximization problem is obviously interegtifOur model provides a micro-
foundation of interactions among market participants énekefore, might help enrich our
understanding of optimal platform pricing.

Appendix

Proof of Lemmal[l. Suppose; — p; > vwandz; — p; > z; — p; for anyj # i. The former
implies that the consumer visits at least one seller{y* — p; > u) and makes a purchase
(z; +y; — p; > w). The latter implies that, by the same reasoning as in thepaly@ase, she
does not purchase any other product. Combining the twotsg#ibllows that the consumer
purchases product

Now suppose eithef, —p; < u or there existg such that; —p; < z; —p;. In the former
case, the consumer does not visit sellér; + y* — p; < w) or does not purchase product
even if she visits{; + y; — p; < w). In the latter case, she either does not purchase at all or
purchase a different product, whether she visits sélbemot. |

Proof of Lemmal2. Integrating equatiori{2) by parts and changing the varialile
y=z—zleadsto

K>G@—xMF@w3/mé@vw—ym% @)

_y* —00

H(z) = F(z — y*) + /

whereG(y) = 1 fory > y* andG(y) = G(y) for y < y*. Then

W) GG —ydy 7 Gl =) f(s) 5 ds
H(z) [ G f(z—ydy  [% G(z—s)f(s)ds

The second equality is through a change of variable with z — y. To show that(z) is
log-concave iz, it suffices to showi(z)/H(z) falls in z. To this end, note that the ratio

27



f'(s)/f(s) falls in s by the log-concavity off. Therefore, the RHS falls in if the random
variable induced by the probability densify(z — s) f (s) rises inz in the first order stochastic
dominance sense. We argue this is true by showingthat s,) f (s,)/[G(z—s1) f(s1)] rises
in z for all s, > s;, or equivalentIyG(z — 32)/(}’(2 —sy)risesinz. If z — sy > 2z — sy > ¥,
thenG(z — s,)/G(z — s;) = 1 and it remains constant asrises. Ifz — s; > y* >

z — 5, thenG(z — 52)/G(z — 51) = G(z — s9) rises inz. If y* > z — 5, > z — 59, then
G(z — 55)/G(z — 51) = G(z — 53)/G(z — s1) rises inz by the log-concavity of5. m

Proof of Proposition[3. Recall that the equilibrium pricg* solves equatiori{6) and
the ratiof’(x)/ f(x) falls in = by the log-concavity off. Hence it suffices to show that the
distribution functionJ in Propositiori 2 increases jt, u, andn in the sense of first-order
stochastic dominance.

LetQ(u,t,n) = [, H(t + min{y;, y*})" *dG(y;) so that ?) becomes

[ Qu+p* t,n)dF(t) [0 HE <} Qu+p, tn)dF(t)

J( Z) _ y;p*fy* _ y+p*foo
Sorpr—ye QU+ p*, t,n)dF(t) S —ye QU+ p* t,n)dF(t)

wherel{t < z;} is an indicator function and thus it falls in This can be interpreted as an
expectationF[1{7T < z;}] where the random variablg has density2(u + p*, t,n) f(t) and
supportiu+p* —y*, 00). The random variabl€& rises in the first order stochastic dominance
sense irp* or u through two channels. First)(u + p*,t) is log-supermodular itip*, t) or
(u,t) by Lemmé.4 below. Second, the lower suppo#t p* — y* rises inp* or u. Altogether,
J(z;) falls in p* or u. Similarly, J(x;) falls inn becausé)(u + p*, t) is log-supermodular in
(t,n) by Lemmé_4 below. n

Lemma 4 Assume(u,t,n) = [, H(t + min{y,y*})" *dG(y). ThenQ(u,t,n) is log-
supermodular inu, t) and (¢, n).

Proof. For (u, t), differentiate wrtx and change variable= y — u + t:

0Q(u,t,n)/Ou _ —H(min{u,t +y*})" tg(u —t)
Qu, t,n) Jo° H(min{s + u,t +y*})"1g(s +u —t)ds’
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The ratioH (min{u, t + y*})/H (min{s + u, t + y*}) falls in ¢ becauséed is an increasing
function. The ratigy(u — t)/g(s + u — t) falls in ¢ by the log-concavity of;. Therefore, the
RHS rises in.. This proves the log-supermodularity i, t).

For(¢,n), change variable = y — u + t. Then

Qu,t,n) = / H(min{s +u,t +y*})" 'g(s +u —t)ds.
0

The functionH (min{s+u, t+y*}) andg(s+u—t) are log-supermodular ifs, t) by the log-
concavity of H andg respectively. Therefore the integrafdmin{s + u,t + y*})"'g(s +

u — t) is log-supermodular ifs, ¢, n). Since log-supermodularity is preserved under partial
integration by Karlin and Rinott (19809)(u, ¢, n) is log-supermodular i, n). [ ]

The following lemma is used in the proofs of Propositibhs 8[@n

Lemma 5 The effective consumer value= x + min{y, y*} becomes more dispersive (i) as
the hidden componeptgrows more dispersive or (ii) as search costdecrease.

Proof. By Theorem 3.B.8 in Shaked and Shanthikumar (2007) (SSafterg = grows more
dispersive ifmin{y, y*} grows more dispersive and has log-concave density. Since we
assumef is log-concave, it suffices to show thain{y, y*} becomes more dispersive as
grows more dispersive or adalls. To this end, le€ be the cdf ofnin{y, 3*}. The slope of
the quantile function i9G " (a)/0a = dG~'(a)/da for a < G(y*) ando for a > G(y*)

Proof of (i): Assumey, >, y1, Namelyy, is more dispersive thap . For: = 1,2, let
G; be the cdf ofy; and lety; be the solution for equatiofl(1) when the hidden component
is 1, Also, letG; be the cdf ofmin{y;, y*}. SincedGy;'(a)/da > 0G7'(a)/da by the
definition of the dispersive order are,(y;) > G:1(y;) (see Choi and Smith (2015) for a
proof), G5 (a) is weakly steeper thafi;* () for all a € (0, 1), or equivalentlymin{y,, y;}
is more dispersive thamin{y,, y;}.

Proof of (ii): Assumes, > s; and lety; be the solution for equation](1) when the
search cost is; for i = 1,2. Let G, be the cdf ofmin{y;, y}. As s falls, y* increases by
equation[(ll). Thug; < y* andG(y5) < G(y?). SincedG; (a)/da = OG~*(a)/Da for

21The derivative at = G(y*) does not exist but this does not affect the dispersio@.of
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a < G(y!) and isO otherwise G (a) is weakly steeper thafi; *(a) and thusnin{y, y*} is
more dispersive thamin{y, y;}. u

Proof of Proposition[d. (i) Assume the cdf of: andy are F'(x/0) andG(y/60) respec-
tively. Definez = z/0, y = y/0 andy* = y*/6, and thus: = 6(z + min{gy,y*}). The
random variable grows more dispersive if through two channels. First, an increasé in
scales up: and thus increases the dispersiorzofSecondy* rises ind andz grows more
dispersive ag* rises by Lemmal5 (ii). To see why rises ind, recall that when the cdf of
yis G(y/0), we haves = fyio[l — G(y/0)]dy by equation[(ll). Substitugandy* into this
equation to derive = ¢ fgio[l — G(y)]dy. Then it is easy to seg rises inf.

(i) See (i) in Lemmab.

(iif) Consider two random variables; for ¢ = 1,2. Assume they have lower support
x > —oo and decreasing densifly(z). Also assumers >4, 1. Thenz, is higher than
x1 in the first order stochastic dominance sense by Theoremi3iB.SS. We will prove
T2 + min{y, y*} Zaisp ¥1 + min{y, y*}.

Define a random variable; with cdf F(z,¢) and pdf f(z,t) for ¢ € (0,1). Assume
the quantile function of, is F~'(a,t) = (1 — t)F; '(a) + tF; '(a) for a,t € (0,1). Itis
easy to check that (ij; rises in the first order stochastic dominances sensenamely that

F(xz,t) falls in t, (i) f(z,t) falls in z and (iii) z; grows more dispersed i) namely that
OF(a,t)/0a rises mt'

To prove the proposition, it is sufficient to show = z; + min{y,y*} grows more
dispersive int. This occurs ifoH '(a,t)/0a rises int for all a € (0,1), or equivalently
O*H (a,t)/0adt = —0[Hy(z,t)/h(z,t)]/0z > 0 for all 2. Therefore,z;, grows more
dispersive ifH;(z,t)/h(z,t) falls in z. By (8),

Hy(zt)  Joo Fi(z —min(y,y*),t)g(y)dy
h(zt) [ f(z —min(y,y*), t)g(y)dy
I z Fy(max(—rz—y )t) (max(—r,z — y*),t)g(r + 2)dr

oo f(max(—r,z—y*)

ffoo f(max(—r,z —y*),t)g(r + z)dr

The last line applies a change of variable= y — z. The last line can be interpreted

22To see (iii), note thad?F—*(a, t)/0adt = OFy (a)/da — OF; *(a)/0a > 0. The last inequality is true
becauser, is more dispersed than , and thusF, ! is steeper thai,
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as E[F;(max(—R, z — y*),t)/f(max(—R, z — y*),t)] where the random variablg has
density f(max(—r,z — y*),t)g(r + z). The functionFi(z,t)/f(z,t) falls in x because
O|Fy(x,t)/f(x,t)]/0x = —0*F~(a,t)/0adt < 0. The last inequality is true because
OF~'(a,t)/0a rises int by the dispersive order. The expectation fallg ifor two reasons.
First, Fi(max(—R, z —y*),t)/ f(max(—R, z —y*), t) falls in z for any givenR. Second, the
random variableR falls stochastically ir: if by the log-concavity ofy and /' < 0. ]

Proof of Proposition[6. As mentioned in the main text, we prove that the distribution
function H increases in the sense of first-order stochastic dominarttbecomes more dis-
persive as decreases. The result then follows from Proposltion 5. Fsirdirder stochastic
dominance, recall that

H(z) = /F(max{x, z—y*}g(z — x)d.

As s decreaseg;” increases, and thus(max{z, z —y*}) weakly decreases. Since this holds
for anyz, H(z) weakly decreases, which establishes the desired reselt. emab (ii) for
the claim about the dispersive order. |

Proof of Proposition[d. Anincrease irs affects each firm’s profit; (p) = D;(pi, p—i)(pi—
¢) through the following three channels:

omi(p) _ dp; Omi(p) +ap7i omi(p) @3@(10)
Os Os  Op; Js  Op_; ds  Oy*

Each term represents the marginal effect of own price, thdteoother sellers’ prices, and
that of consumer shopping behavior, respectively. In dayuilm, the first effect vanishes (the
envelope theorem), while the other two effects are negatfilie result for the second follows
from dp_;/0s < 0 (Proposition ) and;(p)/0p_; > 0 (as the products are imperfect
substitutes one another). The result for the last term istdube fact thay*/0s < 0
(see Propositionl1), whil®r;(p)/dy* > 0. To see the last inequality, recall that=

x + min{y, y*}, and thus an increase ir increases the distribution functidt in the sense
of first-order stochastic dominance. This implies that comsrs are less likely to exercise
the outside option and, therefot®;(p*, p*) increases iny*. [ ]
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The following lemma is used in the proofs of Propositibhs 8[8n

Lemma 6 (i) The mean of{ is equal to—s, independent af.

(i) H(z) decreases i (i.e.,0H(z)/0a < 0) if and only ifz > y*.

(i) There exists:'(< H(y*)) such thati(H '(a)) decreases im (i.e.,0h(H '(a))/0a <
0) ifand only ifa > a'.

Proof. (i) The mean off is equal to

*

)

El] = Elz + min{y, y*}] = Elz] + Elmin{y, y°}] = / ydG(y) + (1 - Gy

—0o0

SinceE|y] = 0,

Combining this with the fact that

o0

s = / (1=Gly))dy =—-(1—-Gy))y" +/ ydG(y),
y* y*
it follows that £[z] = —s, independent oft.
(i) Let & denote the distribution function for the standard normatrihution ande
denote its density function. Sinee~ N(0,a?) andy ~ N (0,1 — o?), F(z) = ®(x/a)
andG(y) = ®(y/v1 — o?). Differentiating equatior.{8) with respect ¢oyields

i e ()] () 52)

wheredy* /0o can be obtained from equatidd (1) by applying the impliaitdtion theorem.
The desired result is immediate from this equation.

(iif) From the equation above (or by differentiating the diyof H with respect ta),
we get

o= 1o ()] [ (5] 20(59)
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Now observe that

Let 2 = H!(a) and applyH,(z) andh,(z) to the equation. Then,

MDD oo ()] (152) - -]

Since

*

Y Yyt —ar
+ max{r, O}) ) (m) dr,

= .o

H(2) c—y [ max{r,0}¢ (=L + max{r,0}) ¢ ( :‘;2) dr
h(z) a? a [ ¢ (3L 4 max{r,0}) ¢ (y —= ) d .

11—«

N—

3

Applying this to the above equation leads to
Oh(H () =y’ W H(2)
%0 x —1+ - +(z—y)h(z)
(2 — fo ro (L Y 4 max{r, 0}) ¢ (y;ar) dr
@ %6 (=L + max{r,0}) ¢ (\y/_—ar> dr

The last expression is clearly negative it- y*. In addition, it converges toc asz tends
to —oo and decreases inwhenever: < y*. Therefore, there exists(< y*) such that the
expression is positive if and only < 2. The desired result follows from the fact that
z = H~1(a) is strictly increasing in. |

Proof of Proposition[8. If u = —oo, then equatiori{4) shrinks to

1
pr—c

—n / h(2)dH ()" = n /O 1 h(H ™Y (a))da"".
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Differentiating this equation with respect éoleads to

ap* _ * 2 ! ah(H_l(a)) n—1
S (p* —c¢) n/o o da""".

The desired result follows from (iii) in Lemna 6 and the fawttfor any real value function
v:R = R,Iif fol v(a)da™ = 0 and there existg’ such thaty(a) < 0if and only ifa > d/,

then . .
1
/ y(a)da" ™ = nt / v(a)ada™ < 0.
0 n 0

The last inequality is due to the fact thats positive and strictly increasing and, therefore,
assigns more weight to the negative portiony¢é) in the integral. The result follows by
lettingy(a) = Oh(H '(a))/da. |

Proof of Proposition[d. A necessary condition for a consumer to purchase from seller
is z; — p; > w. If u > y*, then only the right tail of{ (=) (abovey*) affects the equilibrium
price. For this regionH (z) grows more dispersive (by (iii) in Lemnh& 6) and increases in
in the sense of first-order stochastic dominance (by (ii)@mima. 6). The result then follows
from Proposition b. n
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