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B Supplemental Material for Section @

Appendix gives the formal statement of a firm’s bidding problem. Ap-
pendix proves the auxiliary lemmas used in the proof of Theorem [I.

B.1 Formal Statement of Firms’ Bidding Problem

Let 7. denote the zth time of entry into an auction for consumer ¢. That is,
7, is the zth arrival of a Poisson process that ticks at rate Ay + Aflyjcq,,)-
Taking the bidding strategy By(-) of its rivals as given, firm j sets bids to
maximize the present value of flow profits (including the costs of advertising)
from selling to a typical consumer ¢:

[Ty = max E
{b-}

/0 e s (Vi) Ljeq,,y ds — ; < (@El)) l{bz>BTZ (139))}

where 9" is the highest expectation of the N — 1 other bidders in the zth
auction: @9) ~ (Hf_z)Nfl conditional on 7,. Above, the bid b, in the zth
auction is a measurable function of the expectation 0;; and time t.

B.2 Auxiliary Lemmas for Theorem

This subsection proves Lemmas E«B, used in the proof of Theorem E]

Lemma 1. In an equilibrium, the bidding function By(-) is Lipschitz at each
t.



Proof. Since B; = VI — V,Ou it suffices to show that V™ and V,° are
Lipschitz. T argue for V;™; the argument for V;°" is analogous.

Fix two expected values v > v. Consider a firm with expected value v that
deviates by bidding as if its expected value were 0. The deviating firm’s bidding
induces the same dynamics for 1y;cq,,} as a firm actually with expected value
0, but its true flow profit at time s is w0 rather than 7j,0. Letting thn(ﬁ)
denote the value of this deviation,

V(o) = Vin(5) = (0 — ) E [ [ e e ds] ,
t

where the expectation is taken under the v-bidding law. Note that ad costs
cancel since both firms bid identically. )
Optimality of V() implies V() > V;(9), so

SUDg>y s

VI(6) - V(3) < (6 — §) [ | e e ds] <
t 1Y

(6 — o).

Since V(%) > V(%) by monotonicity (a firm with higher expected value
can always replicate the strategy of a firm with lower expected value), the
difference is non-negative, and

SUPg>¢ TJs

V(@) = ViR (o)] < p

|0 — 0]

Since sup,s, mys < 0o, V™ is Lipschitz. O

Lemma 2. Ife—1 < 1/, the platform problem (@) is concave and thus any
solution is unique. If e — 1 > 1/, the platform’s problem does not have a
solution.

Proof. Solving out the ODE for ¢; yields

t
Qrt = 6_&/ e‘ssﬁfs ds + e .
0

The flow utility of platform £ is then

e—1
(e“” fg P07 ds + e‘étq())

Jds tdz

Suppose that € — 1 < 1/p. Then we observe that the flow utility must be
concave in {{y;}—The second term is linear; the first term’s concavity is de-
termined by the numerator, which is a CES aggregator with share weights
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determined by the exponential function. It is well known that this aggregator
is strictly concave as long as e — 1 < 1/¢.

Since the flow utility is concave in {/;} at each t, the objective function
must also be concave in {{;;}. As a result, any solution to platform £’s problem
must be unique.

Now suppose that e — 1 > 1/¢. 1 claim that there can not exist an equi-
librium. Fix an arbitrary strategy {/x;} and then consider scaling up by some
factor x. For large y, flow utility is determined primarily by the term

(e"st [y edes, ds> -

(e-1)
x¥ Kt p — Xkt
fK ta ! dZ
Thus if (e — 1) > 1, it is possible for the platform to acheive an arbitrarily
high value for the objective simply be scaling up x. [

Lemma 3. There exists a unique solution to the ODE system

: p+0 o mreAle—1) ,
_ _ 1
bet = T wékt =0 Ko e (1)

Gkt = gft — Oqe

for the whole domain t € [0,00) for any positive initial conditions ({xo,qro)-
Moreover, the solution for investment {{x;} is increasing and continuous in its
initial condition .

Proof. Since the system can be written in standard form as [fkt Gre] = f(t, [Ort qre))
where f is continuous and locally Lipschitz in [¢; gx¢| the existence and unique-
ness of local solutions follows from Picard-Lindelof. These properties also im-
ply that solutions are continuous in initial conditions. Observe that the ODE
for /;; has an absorbing point at zero and by Gronwall’s inequality

s
Oy < lpoet=+"

whenever a solution exists. Similarly from the ODE for ¢;; we have
t t s
are =€ g0 + / e =902 ds < e gy + / e Um0 e91=° ds.
0 0
But then the solution of the ODE system can not explode in finite time or

become negative and so the maximal domain of existence must be all of t €
0, 00).



To see that {{x} is monotone in ¢}y divide both sides of the ODE for
by lx:. Then we have

bu _pt6 ¢ oamadle—1)
b 1—¢ 1-9*  Kgu

Let f; = In({x). Tt suffices to show {f;} is monotone in fy. We have

ft _ p+ ) _ 2 (eft)so—lﬂ-KtA(E — 1)
I—¢ 1-9 Ky
with
Qrt = e?ft — 5th-

Now I observe that f is increasing in both f; and ¢z with the former being
true since ¢ < 1. Moreover, any solution for g, is monotone in {fs, s < t}.
Let fio > fa0 be two initial conditions, with corresponding solutions { fi;}
and { fo}, and suppose for contradiction that the ordering fi; > fo fails. By
continuity there is a first time 7 at which fi, = fo,, with fi; > fo, on [0, 7).
Since gy is strictly increasing in the history {fs, s < t}, the strict ordering on
[0,7) gives ¢1r > ¢or. Evaluating f at 7, where fi, = for so the dependence on
f drops out, and using that f is strictly increasing in g, we obtain fi, > far. On
the other hand, since fi; — fo; > 0 on [0, 7) and vanishes at 7, and the solutions
are continuously differentiable, the gap is non-increasing at 7: flT — fQT < 0.
This contradicts fi, > fa,. Therefore fi; > fo for all £, so {{4} is increasing
in ékO'
O

Lemma 4. Any solution of the ODE system @) for investment ly; for any
initial conditions either diverges, vanishes, or converges to steady state.

Proof. In what follows, let ({gs,qss) denote the unique steady state of the
ODE system @)

Step 1: If gkt — 4ss, then gkt — ésg.
Suppose qxr — qss and fix a > 0. There exists ¢ > 0 sufficiently small
such that

p+d o (mx+()Ale—1)
l—p 1—-¢ K(gss—)

Note that if o and { were zero, the left-hand side above would be zero, since
(Yss,qss) is by definition a steady-state solution to (lil)

(655 + Oé)(’oil > 0. (2)
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Since mx; — 7w and g — qgg, for all ¢ sufficiently large and any £, >
lsg + a we have
@ Pt o mriA(e— 1)6“"*1
Ekt—l—gp L= Kqu M
S PH0 o (4 QAT
T l-p 1-¢p K(gss—()
> 0,

(Css + o)

where the first inequality uses mx; < mx+C, gkt > gss—¢, and (since ¢ —1 < 0)
027 < (g + )1 for £y > L + a.

Because (¢! is decreasing, the inequality above shows that (4 /¢ > 0 at
every point with ¢, > lgs + «; hence the region {¢ > (g5 + a} is forward-
invariant. Consequently, if /;; > lss + « at some large ¢, then f, > 55 + «
for all s > t, the bound (P]) applies throughout, and ;s diverges. But then
Qe — qss cannot hold. By the symmetric argument, ékt [l < 0 whenever
Uy < lss — a, so {{ < lgs — a} is forward-invariant; if £z, < fgg — v at some
large t, then ¢, vanishes and again ¢z — gss cannot hold. Therefore, for all
large t, (g € [lss — a,lss + al. Since a > 0 was arbitrary, {x; — lgs.

Step 2: If que = qss, then {; diverges or vanishes.

Since qx; = qgs, there exists a > 0 such that either qx; > gss + « infinitely
often or gy < gss — « infinitely often (or both). Fix such an a and take ¢ > 0
small and ¢ large enough that |mx, — mx| < (. We treat the two cases in turn.

1. Case 1: gy > gss+« infinitely often. Let ¢* solve (¢*)? = §(qss+ «);
this is the investment level that holds quality steady at ¢ss+«. Consider
the first time 7 at which ¢, = ¢gs + a. Since ¢ reaches this level from
below, ¢gxr > 0, ie. £f > 0(gss + ) = (€%)?, so by, > (*.

For ( sufficiently small, at any point with ¢ > ¢* and ¢ > gss + «,

@_p—l—é_ ¢ TriA(e—1)
ﬁkt—l—gp L—¢ K qp
0o (et QA1
l—¢p 1-¢ K(gss+a)
>0,

p—1
gkt

(6*)4,9—1

where the inequality uses ¢ > gss + a and, since p — 1 < 0, €7~ I <
(€*)?~ for £, > ¢*; both move the expression above its steady-state
value of zero.



Two consequences follow. First, £ > 0 on this region, so ¢ cannot fall
through ¢*. Second, ¢ > ¢* gives ¢ = ¥ — dq > 0 at ¢ = qgs + @, S0
g cannot fall through ¢gs + a. Hence the region {¢ > ¢*, ¢ > qss + a}
is forward-invariant. The trajectory enters it at 7 and remains, so the
growth bound holds for all s > 7, and f;, — o0.

2. Case 2: ¢ < qss — « infinitely often. The argument mirrors Case
1. Let £** solve (£**)? = 6(qss — a). At the first time ¢ falls to gss — @,
q reaches the level from above, so ¢ < 0, giving £ < §(gss — @) = (£**)¥
and hence ¢ < ¢**. For ( small, at any point with ¢ < ¢** and ¢ < gss—«
the analogous bound gives ékt [l < 0, so ¢ cannot rise through ¢**; and
(< 0% gives ¢ < 0 at ¢ = gss — «, so ¢ cannot rise through ggss — a.
Thus {¢ < 0%, ¢ < qss — a} is forward-invariant; the trajectory enters
it and remains, and £, — 0.

In either case f;; diverges or vanishes, completing the proof. O

Lemma 5. There exists a unique solution to the boundary-value problem (@)

Proof. Uniqueness. Suppose for contradiction there are two solutions £ and
Ekt with initial conditions /., and fko, and suppose fko > (1o. In the last part
of the proof of Lemma B we showed that

In(fy) — In(C) > In(lry) — In(lro) > 0

for all ¢. If both solutions converged to fk, this difference would tend to zero,
contradicting the strictly positive lower bound. Hence at most one solution
satisfies the terminal condition.

Ezistence. Consider a version of (@) in which the boundary at oo is
replaced by a boundary at some finite 7" > 0. If a solution to this finite-
horizon problem exists it is unique, by an argument analogous to the one just
given. It is straightforward from (El) that increasing (o makes ¢, arbitrarily
large, while decreasing (i, makes ¢, arbitrarily close to zero: the right-hand
side of ([ll) grows without bound as ¢;; diverges and is negative for all ¢, in a
neighborhood of zero. Thus, by continuity in the initial condition (Lemma J),
there is an initial condition, which we denote ¢4(T"), for which {7 = lgg; the
corresponding solution to the initial value problem solves the boundary value
problem with boundary at T

Now take a sequence {T,} with lim, ,., T, = oo, and consider the cor-
responding solutions {/x(7},)}, each extended to all . By Lemma @, each
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such solution diverges, vanishes, or converges to steady state. Hence there are
either infinitely many that diverge or infinitely many that vanish.

Suppose first that infinitely many diverge. Define
Uro = inf{lko(T},) | the extended solution with this initial condition diverges},

and let ¢, be the solution with initial condition ¢;,. We claim ¢}, converges to
steady state, and therefore solves the boundary value problem. Suppose not.
By Lemma {}, £}, then either diverges or vanishes.

1. Suppose ¢}, diverges. Let T* = sup{t | {;, = lss}. Since (}, diverges,
it eventually exceeds (gg permanently, so {t | {5, = lss} is bounded
above; hence if nonempty, 7% is finite. To see it is nonempty, suppose
instead it is empty, so £}, never equals {gg; since it diverges, ¢, > {gg for
all t. By monotonicity in the initial condition (Lemma B%, every solution
with initial condition > ¢}, then also remains above {gg for all ¢. But
each (4o(7,) in the infimum defining (5, satisfies lxo(T,,) > (5, and is,
by construction, the initial condition of a solution with {1, = g5 — a
contradiction. Hence the set is nonempty and 7™ is finite.

Thus ¢}, solves the boundary value problem with boundary at 7. Now
choose T,, > T* such that the extended solution to the boundary prob-
lem at 7T, diverges; this is possible since these solutions, being at /¢
but generically not at gsg at time 7T, diverge or vanish by Lemmaﬁ
and infinitely many diverge by assumption. This solution reaches gg at
T, > T, that is, later than ¢}, does. By monotonicity in the initial con-
dition, a later crossing of {gg corresponds to a smaller initial condition,
s0 lko(Ty) < liy- This contradicts £, = inf,, £ro(7},).

2. Suppose ¢}, vanishes. Inspecting (m), there exist £ > 0 and ¢ > 0 such
that if /i, < £ and i < ¢ at any time, then ¢;; vanishes; that is, the
region {¢ < £, ¢ < ¢} is absorbing. Since ¢}, vanishes, fix a > 0 and let
T* be the first time at which £},. < £ — a and ¢}y. < ¢ — a. Perturb
the initial condition ¢}, upward by an arbitrarily small amount. By the
definition of ¢}, the perturbed solution diverges. Since any trajectory
entering {¢ < {, ¢ < ¢} vanishes, a diverging trajectory never enters
this region; in particular, at the fixed time T* the perturbed trajectory
satisfies {yp+ > £ or qxp- > g, whereas (. < £ —a and ¢« < ¢ — o
This jump of at least a, produced by an arbitrarily small perturbation
of the initial condition, contradicts continuity of solutions in the initial
condition at the fixed finite time 7 (Lemma )



In both cases we reach a contradiction, so ¢}, converges to steady state and
solves the boundary value problem.

If instead infinitely many of the extended solutions vanish, the symmetric
argument applies, with ¢}, redefined as the supremum of the initial condi-
tions whose extended solutions vanish; the analogous contradictions show ¢},

converges to steady state. Since one of the two cases must hold, existence
follows. 0

C Supplemental Material for Section @

Appendix proves Proposition E Appendix @ proves Proposition H Ap-
pendix presents additional comparative statics omitted from the main
text.

C.1 Proof of Proposition

Proof of Proposition @ The proof proceeds via two Lemmas.
Lemma [ proves that product consumption is monotone in data informa-
tiveness.

Lemma 6. An increase in G in the mean-preserving spread order leads to an
increase in the steady state value of M uy and product consumption C' and a
decrease in the cdf H¢ in second-order stochastic dominance.

Proof. Suppose that G increases in the mean-preserving spread order to G.
Let H¢ denote the steady state cdf under G. Define

vy) =Gly) —Gly) and  v(y) = H(y) — H(y).
By Part 3 of Theorem m,
JG(y) = MH(y) + (J — M)H*(y)

and

JG(y) = MH(y)™ + (J — M)H*(y).

Subtracting the second equation from the first gives
J(y) = M | H(y)" - Hc(y)N] +(J = M)v(y).

Using the identity

F

aN o bN — (& - b) aN—l—kbk7

0

e
Il



it follows that

where
J — M MY
Qly) = ZHC YNEEHS (y)".
Observe that @) is nondecreasing and satlsﬁes
J—M
Qy) = > 0.

Define

Since (G is a mean-preserving spread of G,

/Osv(y)dyzo

for every s > 0. Integrating by parts yields

Qs)V(s) - / V(y) dQ(y) > 0. 3)

We claim that V(s) > 0 for every s > 0. Suppose for contradiction that
there exists s; > 0 such that
V(Sl) < 0.

Since V' is continuous and V' (0) = 0, there exists s* € (0, s1] at which V" attains
its minimum on [0, s1]. Hence,

V(s*) <0 and V(y) > V(s")

for every y € [0, s*]. Since @ is nondecreasing,

*

| viwiQw = v @) - aw).
0
Therefore, the left-hand side of (B) evaluated at s* is at most

Q(s")V(s") = V(") [Q(s") = Q(0)] = Q(0)V(s™) <0,
contradicting (E) Thus,



for every s > 0. Strict inequality holds for some s, since otherwise v = 0, which
together with v(y) = Q(y)v(y) implies v = 0, contradicting the assumption
that G is a nontrivial mean-preserving spread of G.

Since V' > 0, it follows that He is lower than H¢ in second order stochastic
dominance and thus pg. < pge. This in turn imples pgy > pg. [

Next, Lemma [ shows that ad revenue is maximal in a limiting sense when
data is uninformative. From Part 5 of Theorem m, platform quality is then
also maximal. To make the notation explicit, write mx(G) for the average ad
price as a function of the cdf G of expected values.

Lemma 7. Let {G,} be a sequence of continuous cdfs converging pointwise
to the Heaviside function centered at pip: lim, o Gp(0) = Lgs>p,y for each
0 € [0,00). Then lim, o mx(G,) = supg mk(G) where the supremum is over
all continuous cdfs G supported on [0, 00).

Proof. Let G be arbitrary. We have

mx(G) = E[B(0®)]

/@(2) 1 1
s S
’ o PHAFALs)

TE[6?)]
~ oMun(p+Ay)
TE[5™)]
~ oMupu(p+Ay)
I
oM(p+Ay)

=K

where above 8@ ~ (H9)N + N (H®)N ™Y (1 — He) and o) ~ (H)N. In the
fourth line we use the fact that in steady state H = (H®)". The notation has
suppressed the dependency of H¢ and H on G.
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Using () in Theorem m we have

I
li G,) =l —
A T (Cn) = i T T = H(s. G ds

9 /OO 1 — NH(s,G)N 1+ (N = 1)H(s,Gp,)Y
0 p+ A+ NHe(s,Gp)N 1

I /OOl_N]]-s>uF+(N_1):H'S>NF ds
oMur Jo pHAr+ Aalo>pp

I |
= / ds
oMpr Jo  p+As
1

aM(p+ Xy)

ds

where in the second equality I have used the dominated convergence theorem to
pass the limit through the integral. Above I have made explicit the dependency
of H¢ on (G,, in the notation. ]

The proof of Proposition E is complete. Il

C.2 Proof of Proposition @

Proof of Proposition B The proof proceeds via a series of lemmas.

Lemma 8. An increase in € leads to a decrease in the ad display rate A.

Proof. By Theorem E], A is equal to

argmax av(a) ' = argmaxlIn(a) + (¢ — 1)In (v(a)) . (4)

a

Pick €5 > €1, and let a; solve (@) when € = ¢; and define ay analogously .
By unique optimality,

Ina; + (eg — 1) Inv(a;) > Inas + (e, — 1) Inv(ag)

and
Inas + (e2 — 1) Inv(as) > Ina; + (&2 — 1) Inv(ay).

Add these two equations and cancel terms:
(e2—€1)(Inv(az) —Inv(ar)) > 0.

Since €5 — €1 > 0 and Inv/(+) is decreasing, this implies ay < aj. O

11



Combining Lemma a and the following shows that an increase in € leads
to a decrease in product consumption.

Lemma 9. Starting from steady state, an increase in A leads to a decrease in
H, and Hf in first-order stochastic dominance and an increase in My, and
Cy at all t.

Proof. Recall from Step 3 of Appendix [AE that

JG() = MHE()Y - (J — M)H{(-)

Suppose the economy begins in the steady state associated with M,. Then
JG() = MoHg ()™ — (J — Mo)Hg(+) = 0.
Following an increase in A, we have M > M, so
JG() = MHG(-)™ = (J — M)Hg(-)
= (M — My) [H() — Hi()"] > 0.
Moreover,

)
OH

(JG — M(H)Y — (J = MYH}) = ~MN(H) ™~ (J — M) <0,

so the drift is strictly decreasing in H; and has a unique zero, namely the new
steady state. Since J — M; > 0, the drift is positive whenever Hf lies below
the new steady state and vanishes at the new steady state. Hence H; increases
pointwise over time following the increase in A. Equivalently, H; decreases in
the sense of first-order stochastic dominance.
Since
Mipn, = Jue — (J — M) g,

and both M; increases and piye decreases, it follows that M;pup, increases. By
Part 7 of Theorem m,

so Cy; also increases.
Finally, recall that



Because the economy is initially in steady state,
Ho = (Hg)".

Moreover, Hf is nondecreasing over time, so (H¢)Y is a nondecreasing target.
It follows from the differential equation that

H, < (H)N

at every t.
Now consider two post-change values A" > A. Since

A
M, (A) = Mye Mt + )\—(1 — e,
f

we have

A A
M,(A) o Mye Mt + ;\A;f(l _ e*)‘ft)’

which is increasing in A. We have also shown that
H{(A') = Hi(A)

pointwise.

Suppose the two solutions for H; coincide at some value h. Since h <
(HE(A))N, their drifts satisfy

A/ c NN A c N
Mt(A’) [(Ht (A )) - h} - m [(Ht (A)) - h}
Al A . N
= M(A) - M,(A) [(Ht (A)" — h}
A )Y — (EA)Y] >0

M, (A

A standard scalar comparison argument therefore implies that H;(A") > H;(A)
pointwise at every t. Thus H; decreases in the sense of first-order stochastic
dominance. [

Combining Lemma E and the following lemma shows that an increase in €
leads to an increase in ad revenue 7 A.

Lemma 10. An increase in A leads to a decrease in steady state ad revenue
7T]KA.
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Proof. From Part 4 of Theorem m, we have

WKA:[ ds

by /°° 1— NH(s)N"'+ (N = 1)He(s)N
o [;°1—He(s)Vds Jo p+Ar+ A(s)

where \.(s) = A\, H¢(s)V~! for each s € [0, 00).

To prove that ad revenue is decreasing, it suffices to prove the ratio of the
integrand in the numerator to the integrand in the denominator is decreasing
at each point s.

By Lemma §, an increase in A leads to a decrease in H® in first-order
stochastic dominance (i.e., H¢ to increase pointwise). Thus, since A, increases
pointwise, it suffices to show that

1— NH¢ N—-1 N —1)H¢ N 1— H¢ N—-1
(" N DHS BN
1— He(s)N 1 — He(s)N
is decreasing in H¢(s) which can be done by computing the derivative. I omit
this step. Il
This completes the proof of the proposition. [

C.3 Additional Comparative Statics Omitted From the
Main Text

Lemma 11. Starting from steady state, an increase in J leads to an increase
in HY and H, in the sense of first-order stochastic dominance and thus to an
increase in Mg, and Cy at all t.

Proof. Fix an argument of the cdfs and suppress it throughout. Recall that

ey J(G— Hf)+ M(Hf — H™)
HE = ) T .

Suppose the economy initially lies in the steady state associated with .Jg.
Then
Jo(G — H)+ M(HS — HSN) = 0.

Following an increase from Jy to J > Jy, the numerator of the post-change
drift, evaluated at the initial steady state, is

J(G — Hg) + M(Hg — H§™) = (J — Jo)(G — Hy).

14



Since

M
G — Hi = 7 (Hg — H;") <0

it follows that the initial post-change drift satisfies
HE <0,

Now define
Qs(h) = J(G = h) + M(h— B").

Then
Qy(h)=—-J+M(1-NRN") < —J+ M <0,

so () is strictly decreasing and has a unique zero, corresponding to the new
steady state. Since Q;(H§) < 0, the solution decreases monotonically toward
the new steady state. Hence H; decreases pointwise. Equivalently, the dis-
tribution associated with Hf increases in the sense of first-order stochastic
dominance.

Next, recall that
A

m:mﬂ§W—m.
Neither A nor M, changes with J. Moreover, because the economy begins in
steady state,
Hy = (Hg)".

Since Hf decreases pointwise, (Hf)YN also decreases pointwise. Thus, at any
point where two solutions for H; coincide, the one associated with the larger
value of J has a weakly smaller drift. A standard comparison argument for
scalar differential equations therefore implies that H; also decreases pointwise.
Equivalently, the distribution associated with H, increases in the sense of first-
order stochastic dominance.

Since M; is unaffected by J while pp, increases, M;up, increases. Finally,
by Part 7 of Theorem m,

so (' also increases. O

Lemma 12. An increase in J leads to an increase in steady state ad revenue

7T]KA.

Proof. By Lemma EI, an increase in J leads to an increase in H¢ in first-order
stochastic dominance and then following the same steps as in Lemma [10, we
see that this leads to an increase in steady state ad revenue mx A. O
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Lemma 13. An increase in € leads to a decrease in Cy at each point in time
and an increase in steady state ad revenue mxA and if K < 1, steady state
platform consumption X.

Proof. An increase in ¢ leads to a decrease in A since () is submodular in
€ and ay;. By Lemma m this leads to an increase in steady state ad revenue
kA and in turn platform investment () and thus platform quality. Since
X = K& v(A)g and ¢; increased while A decreased, if K < 1 then X must

increase. O]

Lemma 14. An increase in K has no effects on ad revenue m, A at any time
t and leads to an increase in steady state platform consumption X.

Proof. As seen from (@), the _equilibrium ad revenue 7g; A does not depend
on K. In steady state, using ([L8)

X — KEL% 1l (M)w,
) (0+p)
This is increasing in K if the coefficient ¢ — 1 < 1/p. This is a necessary
condition for an equilibrium to exist as shown in Lemma P. O

D Supplemental Material for Section @

Appendix @ presents proofs of the results in Section . Appendix @
presents general equilibrium analogs of Propositions P and B.

D.1 Proofs of main results

Proof of Proposition . Product market clearing implies that [, = -%5(L —
K/lk;). That is, income is equal to the markup times the quantity of labor left
over for production.

To compute (), let 7x = 7wk /I be the average ad price per unit of income.
From ([L7),

. 1 /0°° 1— NH(s)N"'+ (N = 1)H(s)N &, 5)

Tr =
« oMy P+ Ar+ Ae(s)
Then, rewriting (), we have

_ porgA(e —1)
£ K(p+9)
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Given investment,
o
] =

(L — Klx).

o—1
Solving this linear system for /k yields () The rest of the proof is analogous
to that of Theorem |[l. [

Proof of Theorem @ To characterize the planner’s steady state investment,
it suffices to take as given steady-state ad display A* and suppose that we
have already reached steady state for H;. The Hamiltonian for the planner’s
problem for investment is

1 q1-7 1 T
H(t, a0, M lr) = | (L= Klig) (Mpug) 71| [ K5T0(A")g)
+ A (0, — 0q1)

where )\, satisfies

. 1 11-7 -
Phi— i = [(L ~ Kl) (MMH)ﬁ] FKZTU(AY) gL — A

Maximizing the Hamiltonian with respect to the control yields

1

Moty = (1= DKL~ K] 7 [(Mp) 7] [Kr(ar)g]

In steady state, A\; must therefore be a constant. We have

1

1—7 -
[(L o K&Kt) (MMH)Q] TKS,/(A*)T%TA

A:
! d+p

Substituting ths into the previous equation, we have

(L - K)oty

=(1—-7)Kq.

In steady state, ¢; = ¢§,/d so then

L— K/ 14

LK) )yl
Od+p o
Rearranging gives
poi= L
Kt -

TPt 0+ e K
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The Hamiltonian is jointly concave in state and control and therefore satisfies
the Mangasarian sufficient conditions for an optimal control.

To characterize the limiting ad display rate, let U;(a) denote flow utility
under the constant ad display rate a, and let U**(a) denote its steady-state
value. Because M;uy, converges to its steady-state value at a rate independent
of p, for every fixed ad display rate a,

/00 e "Us(a)dt = Ussp(a) + O(1),

as p — 0, where the remainder is independent of p.

Suppose, by contradiction, that the limit of the planner’s ad display rate
does not maximize U®*. Then some alternative a yields a strictly larger steady-
state flow payoff. By the expansion above, the transitional payoff difference
is bounded, whereas the gain in discounted steady-state utility is of order
1/p. Thus, for all sufficiently small p, switching to a strictly increases welfare,
contradicting optimality.

Since the planner’s steady-state investment is independent of a, the terms
in steady-state flow utility that depend on a are proportional to

1—7

lapr(a)] =" v(a)".
Therefore, in the limit as p — 0, the planner’s ad display rate satisfies (@) 0

Proofs of Proposition B and Corollary @ These results follow immediately
from Proposition 4 and Theorem P.
O

D.2 Comparative Statics Omitted from the Main Text

Proposition 1. The conclusions of Proposition@ extend to the general equi-
librium setting of Section |f.

Proof. 1 first show that ad revenue is maximal in the limiting sense as data be-
comes uninformative. By an analogous argument to Lemma [, 7k is maximal
as data becomes uninformative. Total ad revenue is mg A = It A. Suppose for
contradiction that ad revenue is not maximal in this limit; then under some
informative data, I must be high enough that ad revenue rises. From the
proof of Proposition , I = -%5(L — K/x), so a higher I requires lower invest-
ment (k. But () implies that lower investment requires lower ad revenue—a
contradiction.
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For product consumption, recall C' = ”T_II(M;LH)U("*U. As data becomes
uninformative, iy is minimal (Lemma [§). Ad revenue is maximal in this limit,
so by (fj) investment is maximal, which makes I = —%5 (L — K/{x) minimal. All
three factors push C to its infimum.

Platform quality is maximal in the limit by Part 5 of Theorem m, since
investment is maximal. [l

Proposition 2. The conclusions of Proposition B on platform quality and
product consumption extend to the general equilibrium setting, with TxA re-
placing T A.

Proof. By an analogous argument to that in the proof of Proposition E, KA
rises with e.

I next show that platform quality rises with e. Suppose for contradiction
that platform quality (and hence investment fx) falls when € rises. By (f),
lower investment implies lower ad revenue. Total ad revenue is g A = I A, so
since 7 A has risen, lower ad revenue requires lower /. But [ = %= (L — K/g),
so lower I requires higher /x—a contradiction.

For product consumption, recall C' = "T_ll (Mpg)@=Y . In general equi-
librium, € affects C' only through I, since M and py do not depend on €. Since
platform quality rises, investment (x rises as well, so I = -2 (L — K /) falls.
Therefore C' falls. O

E Supplemental Material for Section B

. Appendix provides details of the algorithm to compute an equilibrium.
Appendix describes a reformulation in which there is a single state variable
and uses it to reveal the connection between my model and that of Budd et al.
(1993).

This appendix %resents supplemental material for the duopoly model of Section

E.1 Details of the Algorithm to Compute Equilibrium

I use an implicit upwind finite difference scheme to solve (@) Here, I provide
details of this finite-difference scheme. In particular, I describe the iterative
procedure (used in Steps 1 and 2 outlined in Section B) to calculate the value
function at an earlier time step given the value function at a later time step.
At the end of this subsection, I discuss properties of the algorithm and math-
ematical foundations.
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Discretize the State Space 1 first compactify and then discretize each
dimension of the state space in a standard way using evenly spaced grids.
The two quality dimensions share a common grid with gap A,, and the time
dimension uses gap A; between grid points.

Finite Difference Scheme Throughout, I supress the index k on the value
function Vj for ease of notation. In the remaining parts of this document, let

v(Ql + Aqv q2, t) B V(Qlu q2, t)
Aq

‘/qur(QM q2, t)

denote the forward difference and

Vi(gi,qo,t) — V(gi — Ay, qo, t
V(g1 40, ) (q1,G2,1) A(ch 0 @2, 1)

q

the backward difference approximation of 9V/dq;. Define V" analogously as
the forward difference approximation of 9V/0t.
Let

c Vq —i—A,q,t —2Vq,q7t +Vq—A7q,t
V;th1(Q1>q27t): (1 o ) (522 ) (1 g 42 )
q

denote the central difference approximation of 9*V/dq}. Define V¢, analo-
gously.

To implement the (semi-)implicit upwind scheme, I work with the following
discretized version of (26):

pV(qi, qa,t) = S;:lp Vir(qu, 2. t) + V;{(QL G2, ) (Cf), — o)™ (7)
+ Vq;(thhat)(g% - 591)7 + qu(qh QQ;t> (% - 5Q2)+
+ Vo (a1, @2, ) (07, — 0q2) ™ — Uiy + WKtAe_fﬁ—_le_l'
7 G
+ %UQQ%‘ZIi,ql(Qh G2, t) + %n2q§‘7q§,q2(ql, Ga, ).

Thus, the finite-difference scheme is upwind in the sense that it uses the
forward difference approximation of 0V/0q; (0V/0qz) whenever the drift of ¢,
(go) is positive and the backward difference whenever the drift is negative. The
scheme is implicit in the sense that it uses the forward-difference approximation
of 9V/0t. Note that (H) is a relationship between V(-,t + A) and V (-, ¢) and
thus we can use it to calculate V'(-,t) given V(-,t + A). The rest of this
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subsection details how this is done. I note that because the scheme is both
upwind and implicit, V(-,¢) depends monotonically on V (-, t + A), which is
essential for the algorithm’s stability. Monotonicity and stability are critical for
convergence of the numerical scheme to the solution (Barles and Souganidis,
1991).

Optimal Controls Using (H) to compute the value functions backward re-
quires solving the optimization problem on the right-hand side. Using first-
order conditions, we can show that there are only two candidates for the op-
timal controls: max{¢;, ¢¢} and min{¢; , ¢}, where ¢, ¢, , and (5 are defined
as follows.

Define ¢} by

V(g go, (60971 = 1,
61;1 by
V(g1 g2, t)e(£,)9 71 =1,
and /5 by
(£3)% = dqu.

Construct the M matrix Consider the following term which appears on
the right-hand side of (@)

Vor(qu, go, ) (67, — 0q1) ™ + Vo (a1, o, t) (0, — 0q1)™

+ Va1, 20 t) (65, — 62) "+ V, (q1, 2, 1) (€5, — 0go)”
1

1
+ §n2qf‘/q1,q1 (q1,q2, 1) + 5?7%3%2@2((11, go, 1). (8)

I express the operator above in terms of a matrix M. Specifically, let N denote
the number grid points for both quality dimensions. The expression (26) is
to be expressed as MV where V is a N? x 1 vector representing the value
function at each quality (g, ge) grid point and M is a N? x N? matrix.

The rows of V are partitioned into N groups of N rows. Within each
group, the state ¢; is the same and only ¢y varies.

More specifically, i

Vigi,q2t) = k

where k is the index of the vector V', then the corresponding indices of the
other value function terms in (R) are:

V(ql,qg -+ Aq,t) = k + 1,

'Recall that £ means “corresponds.”
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V(q17q2 _Aqat) = k— 17
V(Q1+Aq7q27t) ék_‘_N)
V(ql _Aq7QZ7t) ék_N

Given the vector V, the rows and columns of M are organized accordingly.
Namely, M is populated along the main diagonal (which contains the coeffi-
cients in (§) on V(q1, q2,t)), the +1 and -1 diagonals (which contain the coeffi-
cients on V(q1,q2 + Ay, t) and V (g1, g2 — Ay, t) respectively), and the +N and
—N diagonals (contain the coefficients on V(g1 +A, ¢z, t) and V(g1 — Ay, 2, 1))
respectively. All other entries in M are zero. Thus, M is a sparse matrix with
only 5 populated diagonals. This sparsity is critical for computational speed
and a key advantage of the continuous-time formulation. I take advantage of
it in the MATLAB code using the spdiags function.

Calculate Value Functions at Previous Time Step Using the M matrix
(constructed using the optimal controls at time t in (@)) together with (H), we
can succintly express V (-, t — A;) in terms of V (-, ) via the equation

V(i t—A) = [I(1+pA) — AtMt]_l (Arge +V (-, 1))
where [ is the identity matrix and g, = —¢;, + WKtA% is the flow profit

1 2
from the optimal control ¢;,. For clarity, I have explicitly indexed the M
matrix and optimal control by time t.

Discussion of the Algorithm Though I have not proven convergence the-
oretically, the algorithm is informed by established mathematical foundations.
The upwind finite-difference scheme used here falls within the class of mono-
tone, stable, and consistent schemes that Barles and Souganidis (1991) prove
converge to viscosity solutions of elliptic PDEs under suitable conditions.
While their result does not directly apply to coupled HJB systems like the one
studied here, the structural properties of the scheme offer reassurance about
the reliability of the numerical method. The computation is also fast—even
though there are two state variables, with minimal optimization and no paral-
lelization, on a 2021 base model 16 inch M1 Macbook pro, the MATLAB code
calculates steady state in roughly 2 minutes and the full equilibrium dynamics
in roughly 10 minutes for reasonably fine time and quality grids.
Furthermore, the approach taken here has precedent in economics. For
example, Brunnermeier and Sannikov (2017) use an analogous procedure to
solve a coupled HJB system in a macrofinance model. Brunnermeier and
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Sannikov (2017) consider a setting with a single state variable and atomistic
agents, whereas I study a model with two state variables and atomic players.
However, in both cases, computing equilibrium involves solving a coupled HJB
system and the numerical algorithms we use are conceptually similar.

E.2 Model Variant with Single Spatial State Variable

Here I describe a slight reformulation of the duopoly model that reduces the
number of state variables: instead of tracking the quality levels of both plat-
forms separately, it suffices for each platform to track only the share of atten-
tion received by platform 1. In the process, I remark on the close connection
between the duopoly model and that of Budd et al. (1993). As discussed in Sec-
tion [f, this connection (together with the comment in Footnote B2) motivates
the conjecture that a nontrivial amount of noise is sufficient for equilibrium
existence in my setting. This is because Budd et al. 1993 show in their sim-
ilar model that any nontrivial amount of noise ensures equilibrium existence
(provided some standard and permissive conditions on other parameters are
met).

Suppose that the effect of investment on quality scaled with quality. That
is, suppose instead of (R5) we have

dgi = (gft - 5) Qre At + Nqrs A By

Then one can show that the share of attention x;; that platform k receives
is a Markov process. Namely, using It6’s formula,

1
dzyy =z (1 — z14) {(e — 1)(¢5, — 05,) + 5(6 — 1)2772(1 — 2x1t)} dt
+ (6 - 1)7715175(1 — xlt) (dBlt — dBQt) .

where recall that z1, = ¢5; /(g5 + ¢57h).
Therefore we can express

1
dzy = 214(1 — 214) {(6 - 1)(@11 - ggt) + 5(6 - 1)2772(1 - 2$1t)} dt

+ (e — Va1l — z1)V2dB,.

(9)

where B = (1/v/2) (By — B,) is a standard Brownian motion.

Thus, in this setup it is logical to look for a steady state equilibrium that
is Markov with only a single state variable: xq;. That is, the two quality state
variables collapse onto a single state variable.
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The model in Budd et al. (1993) consists of a duopoly setting where profits
depend on market share z;; as in my model through some exogenously given
function 7(-). They do not focus on a specific microfoundation for market
share and profits in terms of quality as I do but rather assume xj,; is directly
controlled by the investment of the two players via the law of motion

dxkt = (gkt — é—kt) dt + O'dBt

where ¢ is a positive constant in the interior of the state space [0, 1] and zero
at the boundaries. Budd et al. (1993) also assume that there is some given
flow cost ¢(+) of investment for both players.

Thus our models are qualitatively similar except for the fact that in (@)
there is an extra factor x1,(1—xy;) that multiplies the drift and volatility terms
and there is also the second term in brackets in the drift term.2

Note that at the boundaries of the state space, the volatility disappears in
both of our models.

F Supplemental Material for Section @

I present a characterization of the steady state equilibrium and a sketch of its
derivation.

F.1 Steady State Equilibrium Characterization

The following Theorem m summarizes the steady state equilibrium properties.

Theorem 1. Suppose that ¢ — 1 < 1/¢ and that A is the unique solution
of max, av(a)t. In any steady state equilibrium with increasing bidding
functions the following hold:

1. Consumer i’s demands for products are as in (@) and her demands for
platforms are as in ()

2. Firm j sets prices as in ()
3. Platform k displays ads at rate A as in (@)

4. The size of consideration sets is M = A/ \;.

2Other differences are merely comestic such as the fact that investment is raised to
the power ¢ in my model but not in Budd et al. (1993)—these differences disappear by
appropriately relabeling variables.
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5. Firm j’s expected flow profits from sales are as in (E)
6. Bidding functions B = (Bl,B@ for the two groups are the fized point
)

of the operator A defined by ( which is a contraction map whenever
values are bounded.

7. The attention shares received by the two groups are given by ()
8. The rates of investment by the two groups are given by (@)

Proof. 1T now sketch the proof, i.e., the procedure to solve for the steady state
equilibrium. Much of the analysis of the baseline model ports over to this
extended setup. Demands, prices, ad rates, and_the size of consideration sets
will be as in equations (@?, (@)7 (), and (@) However, we now must
keep track of the joint distribution of the two signals inside and outside of
consideration sets.

Step 1. Law of Motion of H, and Hf: Let H; denote the joint cdf
of signals outside of consideration sets at time t. Let H; denote the joint
cdf of signals inside of consideration sets at time t. Let h{ and h, be their
corresponding pdfs. Let Hy ({1, 00) denote lim¢_,o Hy((1,¢) and let Hf (oo, (2)
be defined analogously. Suppose that the winner in an auction on a platform
in group z is the firm with the highest group z signal. Then, assuming M, is
at its steady state level, M = A/\s, the law of motion of h; must satisfy

d

M [1u(Q)]

= A [xuNHﬂcl, 00) N hE(C) + 2 N Hi (00, &)V h{(¢) — he(€) |- (10)

In (), with abuse of notation, z,; denotes the total share of attention devoted
to group z platforms. The first two terms in the brackets represents the inflow
coming from the winners in the auctions on the two platform groups. The
third term in the bracket represents the outflow as the consumer forgets about
products.

To derive the steady state h, first fix an initial guess of x;, the steady state
level of xy;. Then set xy; = x1, 9y = 1 — x1, and use the accounting identing
Mihy + (J — My)h§ = Jg to iterate ([L()) forward to convergence at each point
¢ in a fine grid on a region that contains almost all of G'’s mass.
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Step 2. Calculate Bidding Strategies: Given M and h, we next compute
equilibrium bidding strategies. To do so let

it = / Elu|¢Ih(¢) ¢

I
oMpp’

Ty =

Or() = H(-,00)" 7,

and
OQ() = HC(OO, ')N_l.

Above, pug is the average value of the firms in consideration sets, 7y is the
coefficient of firms’ flow profits, O; determines the probability that a firm
wins an auction if it takes place on a platform in group 1, and O, determines
the probability that a firm wins an auction if it takes place on a platform in
group 2.

In a steady state, bidding strategies correspond to a pair of functions B =
(B1, By). Here, B, : R +— [0,00) maps firm j’s group z signal (,;; to its bid
B.(C.i5) in a group z auction for consumer 4. To derive B, let ¢;; = (Cuij, Coij)
and let V/(;;) be firm j’s continuation value from selling to consumer 7 at the
time of auctlon entry if it knows ¢;; but does not know which platform hosts
the auction.

More precisely, V' satisfies the recursive equation

Ar A
sz szg |:)\ + [ U’Cz]] )\f—i-/))\a-i‘pV(CU)}

o[ [ 00,60+ [ - 0] P vies)]|

The first term in the bracket is the discounted expected flow profit that firm
J earns from entering 2. It exits at rate Ay and subsequently enters another
auction at rate A\, which corresponds to the second term in the bracket. On
the second line, the first term in brackets is the expected payment in a group
z auction. The last term is the continuation value in the event that firm j
loses the auction, weighted by the probability that this happens.
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Since auctions are second-price, in each auction, firm j simply bids the
gain in its continuation value from winning the auction. Then,

Ty )\f )\a
Uij+
At p Aftpratp

Czijaj € cht:|

V(<)

Bz(sz) =E |: <Z73j7j € cht:|

Aa
B[V,

|: T p Aa
pr— vl._
Af+p ! Aft+pAa+p

Above, A\, = NA/(J — M) is the rate of auction entry. The expectation is
conditional on only the group z signal and the fact that the firm is outside the
consideration set since this is all that the firm knows when it bids.

Using () and (@), we can show that B is the fixed point of an operator
A = (A, Ay) where A, : C* (R)> = CT(R) takes in a pair of functions
f = (f1, f2) and outputs another function

7TJ’UZ']‘ -+ )\a 212:1 ) ffl;é fl(S) dOl(S>
A+ 0+ A Yoy 210 (Ceig)

The map A is a contraction with modulus A\,/(As + Af + p) with respect
to the sup-norm whenever values v;; are bounded above by some level v. For
numerical purposes, this will always be the case. Even without this bounded
support assumption, we see that A is increasing. Thus, starting from an initial
B such that B, > A,(B) for each z € {1,2} it follows that {A"(B)}2, is a

decreasing sequence which converges to the fixed point. Thus we can compute
the equilibrium bidding strategies by iterating on ()

V(Cij)

CzijsJ € th} . (12)

Ceij = =, J € (13)

A(F)C) IE[

Step 3. Calculate Investment: In a steady state equilibrium, a platform
in group z € {1,2} invests a constant level (k. to maintain quality level ¢, =
.15,

Let platform k£ belong to group z. The Hamiltonian for platform k’s opti-
mization problem is

e—1
Tt — — U+ N (0, — 0qie)

H(t, qre, M, lee) = TRz A —
meqs +mozq_,

where \;, the costate variable, evolves according to
e—2
Dyt
m.gst +m_.qt

p)\t — ).\t = WKZA (E — 1) — )\t(5

30+ (R) denotes the set of nonnegative continuous functions on R.
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By the Maximum Principle, a necessary condition for optimality is that the
control {;; maximizes the Hamiltonian along the optimal trajectory:

Npll =1
Under the conjectured stationary strategy then
Aple = 1.
This implies that A; must be a constant \. By the costate evolution equation,

\ = T{-KZA (6 _ 1) 92_2
o p+S magtEmoLgSt

Substituting, we have

A (e —1)
p+0

This implies that

meAe—1) lid le \ P2 08
e ot = m e o, :
pts Pk TMemg M |

Dividing both sides by ¢ /¢ we arrive at

57TKZA (E - 1) 1 KK—Z ple=D)
——— 0l =m, . .

By symmetry by considering the problem of a platform k in group —z,

St A (e — 1 e, \ PV
x4 (€ )wEKlz—szrmz( = ) :

P + ) gKfz
Let y := lx./lx_.. Using the above two equations, I derive

TKz 1 - mg + mfzy_ip(e_l)

Tk_.y M, +myyee

1
B TR 1—p(e—1)
Yy = .
TK—2z
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Thus,
o Ae—1) 1

p(e—1)
p + 5 TR—_, \ 1—¥(e—1)
m, +m_,

Uk (14)

TKz

Note that if € < 2 then the Hamiltonian is jointly concave in the state and
control and so I have identified the optimal control. If e —1 < L one can verify
using the same approach outline in Step 5 for the proof of Theorem [I.

Step 4. Calculate Quality Levels and Attention Shares: From (@)
we also have the quality level

©
q. = EKZ
? )
and attention share
pe—1)
. m ( TKe )1—4:(5—1)
. TRz
T, = mzq,z; _ z TK—2 (15)
z _ e—1 (e—1)
mZQ; ! + m*ZQ—Z m ( TR ) lfap(efl) + m
z TR~ —Z

of group z platforms.

Step 5. Calculate Surpluses Consumer surplus is simply u(C, X)/p where

oc—1 1

C= I(Mpg)e—
o
and
1
2 e—1
X =v(4) (Z mzq21>
z=1
are product and platform consumption respectively. [

F.2 Summary of the Algorithm

For ease of viewing, I summarize the algorithm once more here in the appendix.
1. Guess a value of z;.
2. Tterate (@) forward to compute h.

3. Iterate () to compute per-unit income bid functions and average ad
prices.
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4. Check whether the guess of z; aligns with ()
5. If yes, done. If not, repeat with a revised guess.

All other equilibrium objects are characterized in closed form in terms of the
output of this algorithm and primitives. Though inefficient, one can simply
run steps 2-4 for each guess of 1 in a fine grid on [0, 1]. This is relatively fast
and allows one to solve for all steady state equilibria and in particular, check
uniqueness.

G Discussion of Dynamics

In this appendix, I describe some methodological advantages of a dynamic
analysis.

Consider an alternative one period model in which firms participate in
multiple auctions for a given consumer. In such a model, there will not exist
a bidding equilibrium in symmetric strategies (and it is unclear if there are
other asymmetric equilibria). It is easiest to show this when values are sup-
ported on a [0,7] where ¥ < oo. Suppose that there was a symmetric bidding
equilibrium with increasing bidding strategies. Then a firm with value v would
have a profitable deviation to bidding a zero amount in one of the auctions
it participates on. This is because the firm is guaranteed to win all of the
auctions it participates on if it follows the equilibrium strategy. But, the firm
has only unit demand for displaying an ad. By deviating in this way, the firm
can reduce its cost while still displaying an ad. By spreading the auction com-
petition out over time I am able to avoid this issue. Thus, dynamics allows
us to have an auction analysis in which consumers multi-home and there is
interplatform competition in the sale of ads.

Of course, we could consider a one period model where there is no in-
terplatform competition in the sale of ads and each firm participates in one
auction each. There would be some matching of firms to auctions which we
would have to take a stance on. If V or A are sufficiently large, then regard-
less of the matching some firms must participate on multiple auctions—there
aren’t enough distinct bidders to be allocated to fill up the auctions. In other
words, comparative statics on N or A would have to be limited to a certain
range where this is not the case. This is unattractive for the model especially
since A is endogenous. You could of course assume N and A are sufficiently
small so that so that not all auctions are filled. But, these additional model-
ing assumptions, in my opinion, seem unnatural. An attempt to explain them
would probably appeal to unmodeled frictions such as the fact that it takes
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time for firms to locate auctions for a given consumer. The dynamic modeling
simply makes this intuition formal.

Consider an alternative one period formulation with competitive pricing
in the ad market rather than auctions. The baseline model can be solved in
a competitive pricing environment. However, in that model, ads would be
sold consumer by consumer and it would be as though the platforms inform
firms about the identity i of the consumer when they make their purchases. In
reality, firms only see signals and they do not know if they correspond to the
same individual just as they do in the baseline model of Section . Of course,
a disadvantage of switching to competitive pricing is that future work can not
explore the model using ad auction level data. Moreover, its not clear how to
solve the extended version of the model where platforms may have different
data with competitive pricing. In this model, we can not let platforms sell
ads consumer by consumer as if the platforms know the consumers’ identities
because then the firms could combine the data they receive from the different
platforms. Thus, suppose each firm sees only signals of the consumers’ valu-
ations but not their identities when choosing which ads to purchase. Firms
would have to do some inference about the likelihood they will also purchase
an ad for the same consumer on the other platforms. This inference effect
leads to complicated purchasing strategies that are nontrivial to characterize.

H Extension: Network Effects

I extend the baseline model to allow for network effects.

H.1 Setup
I redefine the CES aggregate for platform consumption to be

e—1 e—1
Xip = {/ (N(zre)V (k) Qeine) = dk
K

where n(x) = 2¢ where ¢ > 0. I retain all other aspects of the baseline model
of Section B.

H.2 Equilibrium Characterization

Theorem 2. Suppose that A s the unique solution of max, al/(a)l—zzél—l).
If A/JAf < J and 0 < (e — 1)/[1 — ((e — 1)] < 1/, then there exists a
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unique equiltbrium in which each platform k € K receives a positive amount
of attention x; > 0 at all times t for any feasible initial conditions My, Hy,
and qo. The equilibrium converges to a steady state and has the following
properties:

1. Consumer i’s demands for products are as in (@) and her demands for
platforms are as in (|L§).

2. Firm j sets prices as in @)
3. Platform k displays ads at rate A.

4. The size of consideration sets is given by (@) and the cdfs of the expected
values of firms inside and outside of them are characterized by (@D) and

(@) with A in place of A.

5. Firm j’s expected flow profits from sales are as in (E) and the rates at
which firm j matches with consumers are as in ()

6. Firm j bids according to (@)

7. Platform k’s quality and investment solve the boundary-value problem
() except with (e — 1)/[1 — ((e — 1)] in place of € — 1.

8. Total consumer, firm, and platform surplus are as in Step 8 of Section
) except

A

Xit = Kﬁ_CV(A)qt

Moreover the sufficient conditions are almost necessary: if either A/)\f > J
or (e—=1)/[1 —((e — 1)] > 1/ then there does not exist an equilibrium.

Proof. As discussed in Section Q, the attention received by platform & solves

C(E_l) e—1
T = Ly [V(;kt)%t] (16)

where

Y:/xige_l)[y(akt)qkt]e_l dk.
K

Solving (@) for xy; yields two possibilities:

e—1
1—{(e—1)
Ty = [V(akt)th] (17)

1
Y 1-¢(e-D)
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or j; = 0. Under the equilibrium refinement, all platforms must receive
positive attention share (@ Integrating both sides of () over K yields

YlfC(lefl) = /[y(akt>qkt]1z(€11) dk.
K

Then substituting into () gives

e—1
[V(akt)qre]) =D

e—1 .
fK[V(akt)th] =1 dk

(18)

Tt =

Thus, the only change relative to the baseline model is that the elasticity
of attention with respect to platform quality is now higher. The rest of the
equilibrium derivation follows the same steps as in Section Y. 0

I Extension: Heterogeneous Platform Produc-
tivity

I solve an extension of the baseline model in which platforms may differ in the

productivity of their investments.

I.1 Setup

Platform k& now solves

0 e—1
max/ e Pt <7TKtA% — akﬂkt) dt
{%:t} Jo K 9t dz
where
Grt = Eft — OG-

The only difference relative to the baseline model is the parameter a; > 0
which controls the productivity of platform k. Let P denote the frequency
distribution of ay, k € K. I retain all other aspects of the baseline model.

I[.2 Equilibrium Characterization
Theorem 3. Suppose that A is the unique solution to

max av(a)*?,
a
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that e — 1 < 1/p, and that

1 1105;(1)1)
/ <—> dP(a) < 0.
a

Suppose further that initial qualities satisfy

%)
1 I—p(e—1)
qko = <—> qo0-
(673

Then there exists a unique equilibrium in which

1\ =aen 1\ oD
by = | — 4 and qkt = | — qt,
Q, Qy,

where {; and q; solve

1 1—¢p: Ale—1 144
(p+0)—L — Sﬁgt = T Ale ) =

2 2 1 1ff:<:)1) qt
N
[0

Gr = Ef - 5%

b

with initial condition qo and boundary condition

ple—1
1—p(e—

lim ¢, = KAl =Dy [/ <l>()) dP(a)

t—00 p+0 e}

8§ —

where " = limy_, 00 Tiy-

Proof. All equilibrium objects besides investment are derived as in the proof
of Theorem |[l].
The Hamiltonian for platform k’s problem is

e—1
Akt

H(t, qres Lt Mrt) = TreA 1
Kq,zt dZ

— ol + Nt (07, — Oqre)
where the costate variable satisfies

P>\kt — ).\kt = WKtA(E — 1)Qk—t2 — 5)\kt
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The first-order condition for maximizing the Hamiltonian yields
QL 1_
)\kt - _git ‘P'

Differentiating with respect to time,

. 1 — O -
)\kt = O ﬁkffkt-
¥
Substituting into the costate equation gives

A
p+0)—
( )w

3 1 — . e—2
Ellgt Y _ (67 Sagktcpgkt = WKtA(E — 1)qkt s (19)
¥ Q1

where
Q: = / qzt_l dz.
K

Step 1. Steady State. 1 first derive the steady-state equilibrium before
solving for the transition path. In steady state,

e—2
Qp 1 dy
p+ 06—, ¥ =mgA(e — 1 ,
(p+9) o kA€ —1) 0
and e
k. = ?k
Hence 2
Oék 1— o ng— v
(p + 5)Z€k Y= WKA(E - 1) 66_2@ )

which implies
0 — ( mkA(e — 1) ﬁ) T=(e=T)
P \02Q(p + 6) ay, '

1 ( mkA(e — 1) £) (e
=5 \072Q(p + 0) o, ‘

Therefore,

Using the definition of @),

pe—1)
1 mrA(e —1) @\ TeD
=5 [ (Farme) e
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which implies

p(e—1)
1 mrA(e — 1) @) T¢D
“= [5 [(Frse) e

Substituting back yields

1 p(e—1)
1\ ¢ omgA(e — 1) / 1\ T=¢(e=D
=\|— —_— — dP
b (ak) p+o ! (@)

Step 2. Transition Path. Let ¢/, and ¢; denote the investment and quality
of a platform with a; = 1. I conjecture that

1
1\ oD
= (1)
073
(1)1£1>
et = | — qt-
(073

The second relation is consistent with the law of motion because

' 1\ el .
Gkt = | — qi = Ekt — 0,
(6773

1—¢(e—1)

-1

and

provided that the initial conditions satisfy

%)
1 I—p(e—1)

qko = <—> qo0-
(673

Substituting the conjecture into (@), the left-hand side becomes

1 1—14,0?:0—1) 1 _ 1 _ .
o (—) {(p L S )
@ @

873
p(e—2)
1—p(e—1
qef2 — i et ) qe—2
kt g t

The powers of «y coincide because

Moreover,

) l—yp pe—2)

T l—ple—1) 1—gple—1)
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Hence () reduces to

(+ 6%4“@ - 226k = e~ )Y

Under the conjectured quality profile,

e—1

1\ e
Qt:%f_l/ (a) dP(a).

_ ) _ 1
R A =

e—1

90 P 1 s g
fG) e

Multiplying both sides by ¢f gives

Therefore,

1 1—¢- mreAe — 1 lag
(p + 5>_€t — Spgt = Kt (p((€71> ) —t
¥ ¥ 1\ T=e(c=D qt
/ (—) dP(a)
o

G = Ef — 0qy,

Together with

this is exactly the reduced ODE system stated in the theorem.
Finally, Step 1 implies

Existence and uniqueness of the solution to the reduced ODE system follow
by the analogous arguments as in the proof of Theorem [l. Therefore, the

conjectured scaling relations characterize the unique equilibrium.

J Extension: Zero Prices

In this section, I give an informal argument that zero prices can arise, for some
parameter conditions, in an equilibrium of a variant of the baseline model
where platforms can charge nonnegative prices. I rule out negative prices on
the grounds that it is too difficult for platforms to verify human usage as
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opposed to usage by bots. Under this premise, charging a negative price is
unsustainable for a platform.

It is easiest to make the point when there are an integer number K of atomic
platforms and when consumers have Cobb-Douglas utility as in Section ff. The
core of the argument is simply that if consumers enjoy product consumption
much more than platform consumption, then the attention spent on a platform
will decrease quickly in the price set by the platform. This is because, if the
consumer spends more attention on the platform, the consumer can spend
less income on consuming products. When the elasticity of attention with
respect to price is sufficiently high, it is better for a platform to rely solely on
advertising to earn revenue.

Suppose that all platforms but platform 1 charge a zero price and have
quality level ¢q. Let ¢; denote platform 1’s quality level. Let p > 0 denote the
price charged by platform 1. Consumer ¢ chooses how much attention z; to
allocate to platform 1 to maximize flow utility which amounts to maximizing

1—7 e—1 1—1’1

(1 = pry)'r <MuH>w[<x1q1>e+<K—1> (=34) ] Ay

The first two terms comprise product consumption and the second two terms
comprise platform consumption. Above, I have used the fact that the consumer
will want to allocate attention evenly across the K — 1 remaining platforms.
After spending pz; units of income on consuming platform 1, the consumer
has only I — px; left to spend on products.

The first order condition for consumer ¢’s problem is

TE

p(l —T)(I—piUl)_T [(%91)6:1 + (K_ 1) (1 _x1Q> E ] =

K -1

Te 1

o 000 (3220

e—1 1—1' e—1__
X {Ql(%%) ‘ I—Q(K_iQ) ‘ 1]-
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Canceling out some terms and rearranging yields

p [(xlql):l (K —1) (;j q> ] _

T e 11—z ¢
- [%(xl%) Sl —yg (K— iQ> ] (I — pz1)

which is linear in the price p.
Solving for p yields the inverse demand curved

p(x1) =

e—1__ _ g—]_
I [Q1($1CI1) . —Q(lK—fi ) ‘ ]
e—1 -1 e—1 [t S

2 [(a) T+ (K= 1) (520) 7 |+ [alma) T 0 (20 o

T

Since I — pxy must be positive and p must be nonnegative, the domain of the
inverse demand curve is the set of demands z; such that the numerator is
nonnegative. That is, the domain is

¢!
x| € |:0, P :| .
G D

This is intuitive: the domain consists of attention levels that are less than that
which would arise if platform 1 also charged a price of zero.

We can now formulate platform 1’s pricing problem which is to choose
in this domain to maximize flow profit:

p(z1)xy + T Az,
We are interested in parameter conditions for when

_ ai !
i+ (K —1)g!

X1

is optimal which corresponds to setting a zero price. This amounts to looking
for parameter conditions such that

d[p(z1)x1]
de‘l

4One can see that the inverse demand curve is monotone since the objective is submodular
in (p7 Z ) .

+ A =p(v1)x1 + plxy) + 7 A > 0 (20)

39



for all z; in the domain. This will happen if p(-) does not decrease too fast.
Intuitively this will be the case when 7 is close to zero so that the consumer
cares little about platform use and so attention will be very sensitive to the
price set by platform 1.

By inspection, if 7 is sufficiently close to 0,

el_q

T Q1($1CI1) €

e—1

T (mq) © + (K

p(z1) = 11

q(%5q) °
-1) (g%a) -

I show later that we can bound

d[p(z)/]
d[El

from below for all x1 in the domain by an amount that can be made arbitrarily
close to 0 by making 7 sufficiently close to 0. Thus, when 7 is sufficiently close
to 0, it follows that (R() holds for all z; in the domain and a price of zero is
optimal. I will take this fact as given now and show it formally later.

I have therefore shown that platform 1 does not have a profitable deviation
to charging a positive price when 7 is close to 0. In principle the platform could
deviate both in its investment strategy and in its pricing strategy. But, so far,
our analysis has fixed an arbitrary quality level for ¢;. For some value of 7,
say 7(q1), which depends on ¢; we have shown it is not profitable to charge a
positive price. Let g be relatively large and g be relatively small and consider

*

™= inf 7(q1) <L
71€[g,q]

Then for parameter 7 = 7* it is never optimal for a platform to deviate to any
quality ¢ € [0,g|. By setting g sufficiently high, investment costs are sufficiently
high that it is obviously not optimal to deviate in terms of investment to end
up at any quality ¢ > g. Similarly if ¢ < ¢ for some ¢ sufficiently low deviating
by cutting back on investment is not profitable because profits are too low at
any positive price that the platform can set.

I will now show that we can bound the derivative of

p($1)$1 =

e— _ 5—1_1
I [%(%%)Tl_l —q(F%q) - ] Ty
_ e=1 1

= (aqn)© + (K —1) (F5q) -

e—1

e—1 o 57171
] + [Q1(931(Z1) . —Q(%_iQ) ‘ ]£U1
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from below by an amount arbitrarily close to 0 as claimed.
Define f such that

_ f'(@1)my
Pn = ST ) +

Then
Ldplee) _ fae + )
I dx L f(a) 4 ()7

e () e s

Can we bound this from below? Consider taking the limit as 7 tends to 0.
Then the above, for a fixed z1, converges to 0. However, we need to make sure
that the infimum of the above over the entire range converges to 0. This will
necessarily be the case if we can bound f'(x1), f"(x1), f(x1), and f'(z1)zy.
The concern is about points x; near 0 since some of these terms explode there.
Suppose we know that for any 7 close to 0 that it is not optimal to set 1 < €
for some € > 0, then we are done since f'(x1), f"(z1), f(x1), and f'(x1)x; are
e—1

q
bounded on [@ “ 1+(;1< 1)ge

To show this, note that

p(x)r + mxAzr < p(x)r + T A€

whenever x < €. But

for all 7 < 1/2. Then

f(@)z
p(x)r + Az < xil[lolz,)g} [%f(x) T

and the upper bound holds uniformly over all 7 < % For some € > 0 this right
hand side is always less than

-+ ’iTKAg

q1
q+ (K —1)q

WKA

Thus, there is some € > 0 lower bound such that its not optimal to set x; < €
for any parameter 7 < 1/2.
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K Extension: Firm and Platform Entry

I extend the baseline model to allow for entry of firms and platforms.

K.1 Setup

To enter the market, a firm must pay a cost ej > 0 and a platform must pay a
cost ex > 0. I retain all other aspects of the baseline model of Section J except
that in equilibrium, the measure J of firms and the measure K of platforms
are such that firms and platforms earn zero profits net of entry costs.

K.2 Steady-State Equilibrium Characterization

For the notion of steady state equilibrium, I assume that each platform enters
with the steady state quality level to keep the analysis simple. One might
consider other conventions such as having a given platform enter with some
given quality level ¢y that may differ from steady state and then characterize
transition dynamics for that platform while restricting all other equilibrium
properties in steady state. I will not explore that here. Under either conven-
tion, the measure of firms in the steady state will be the same.

Theorem 4. Suppose that A is the unique solution of max,av(a)™'. If
A/Xp < J and e —1 < 1/p then there exists a steady state equilibrium. If one
exists, it s unique and has the same steady-state properties as in Theorem
for a given J and K which satisfy

KZEM (1_M)7 (21)
P ex p+o

1(L—mgA
J== <¢> . (22)
p\ e

Proof. Equations @ and (@) are zero profit conditions. Note that in (@),
7wk depends on J. Thus, to prove uniqueness I must prove there is a unique
solution for J in (22). This follows by Lemma [19 which shows that 7k is
increasing in J. The other parts of the theorem follows the same roadmap as
in the proof of Theorem . ]

and

It is straightforward to extend most of the comparative statics for steady
state in Appendix @ to this setting.
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Proposition 3. In steady state, banning data use in the sense of Proposition
leads to a decrease in J and an increase in K.

Proof. Suppose for contradiction J increases. Holding fixed J, a ban on data
use raises ad revenue, as show in Proposition 2 of the main text. An increase
in J further increases ad revenue as shown by Lemma [12. Thus ad revenue
must increase. But then by (@), J must decrease, a contradiction. Thus, J
must decrease.

Because ad revenue must increase, inspecting (@), reveals K must increase.
O

Proposition 4. In steady state, an increase in platform substitutability €
leads to a decrease in J and, if the induced decrease in the ad display rate A
is sufficiently small, leads to a decrease in K.

Proof. An increase in € leads to a decrease in A, which increases ad revenue
by Lemma . Suppose, toward a contradiction, that J increases. By Lemma
, the increase in J further increases ad revenue. Hence, ad revenue must
increase. Equation (R2) then implies that J decreases, a contradiction. Thus,
J decreases.
If the decrease in A induced by the increase in € is sufficiently small, then
(@) implies that K decreases. O

L Extension: Reserve Prices

I extend the baseline model by allowing platforms to set reserve prices in their
advertising auctions.

L.1 Setup

Each platform chooses both an auction-opportunity rate and a reserve price.
An auction opportunity temporarily interrupts the consumer’s use of the plat-
form and therefore generates nuisance costs whether or not the reserve price
is met (i.e, even if an ad is not allocated the resulting empty ad slot still gen-
erates nuisance costs). If no bidder submits a bid above the reserve price, no
ad is displayed and no firm enters the consumer’s consideration set.

All other aspects of the model are as in Section 3.
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L.2 Steady-State Equilibrium Characterization

Denote the virtual value associated with the distribution H¢ by

1— H¢(v)

Y/JC(U) =U—- hc(v)

wherever it exists.

The following theorem derives a system of equilibrium conditions for the
reserve-price extension. It shows that any regular solution to this system
induces a steady-state equilibrium.

Theorem 5. Suppose that e — 1 < 1/¢ and that

A= 1
arg max av(a)

Suppose there exists a triple (M,Y, H®) satisfying the equilibrium conditions
in items 4, 6, and 8, where H® is continuously differentiable and v° is strictly
increasing on [0,Y) and on (Y,supsupp G).

Then this triple induces a steady-state equilibrium with the following prop-
erties:

1. Consumer i’s demands for products are as in (@) and her demands for
platforms are as in ()

2. Firm j sets prices as in ()
3. Fach platform holds auctions at rate

. e—1
A= arg max av(a) .

4. The rate at which ads are successfully displayed is
Al—H(Y)N],

and the mass of firms in a consumer’s consideration set is

Al —HY(Y)N]
A '

5. Firm j’s expected flow profits from sales are as in (E)
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6. Fach platform sets reserve price

Ty
R = Y,
Artp
where Y solves
1—HY)
Y=——~*
he(Y)

7. Firms with expected value 0;; >'Y bid according to

’Oij 1
B AZ" - R d 5
(0i5) +7TJ/Y p_i_)\f_i_)\ch(S)NA s

where
\ o NA
CJ-M
8. The distribution H¢ satisfies
J
HC(8>: J— G(S)7 S<}/7
and
- M
]?@M%MYW:j%QQ—JM H%ﬂﬁ—ﬂ%ﬂﬂ, s>Y.

9. FEach platform invests at the rate characterized in ()

Proof. Consumer demand, firms’ product prices, and firms’ flow profits from
product sales are determined as in the baseline model.

An auction opportunity generates nuisance costs regardless of whether a
bid clears the reserve price. If a platform holds auctions at rate a, its flow
advertising revenue is proportional to a, while its demand is proportional to
v(a)<t. Hence each platform chooses

A= el
arg max av(a)

An auction results in an ad display if and only if at least one of the N
bidders has a value above Y. The probability of this event is

1— HY)N.
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Consequently, ads are displayed at rate
Al—H(Y)N].
Matching the inflow of firms into consideration sets with forgetting gives
MM =A[lL—H(Y)Y],

and therefore
Al —HY)N]
Af '
Because each auction has N bidders selected from the J — M mass of firms
outside the consumer’s consideration set, a given outside firm enters auctions
at rate

M=

NA
J—M
In a second-price auction, a firm bids the gain its continuation value from
winning the auction. Thus

Ao =

R Aa
S vy

Ty )\f )\a
—’Uij“‘
Af+p Af+pAa+p

A

B(0;;) = V(0i5) (23)

where V (9;;) is the continuation value from selling to consumer 7 in the future,
at the time of entry into an auction. Whenever v;; > Y,

Aa

V(b)) = [1— H(0:5)" "] Y pV(@ij)Jr
A A
He¢ Ai' N—-1 Ty Ai' f a Ai’
(U]) <)\f+PU]+)\f+P/\a+PV(U])

— E [max{B(s"), R}|i;; > o] ) (24)

In this equation, 9" ~ (H¢)N~! represents the highest expected value of the
other bidders in an auction.
To ease notation, let O(0;;) = H(0;;)V . Then

O(035)E [max{B(s"), R}|i;; > 9] = RO(Y) + / B(s)0'(s) ds.

Y

Substituting into (@) yields

’Uzg

V(o) (1 Aa ):0(@2-]-)B<@ij)—30(1/)— / B(s)O/(s) ds

_)‘a+p Y
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for 0;; > Y. Then substituting into (@)

N Ty .
B(0i) = S+ pl

Vij

O(035) B(0i5) — RO(Y) —/

Y

P A { )

- — B(s)0'(s) ds} .
Artpp

Differentiating with respect to 0,5, I solve explicitly for B'(v;;).

For ’ZAJU Z Y,
73

P + /\f + /\aHC(QA}Z‘])N_l ’

The marginal bidder obtains zero continuation surplus and therefore

B'(0y) =

Ty
BY)=R= Y.
) -
Integrating gives
B(v;) = R+ / " ! d
Vi) = s s
J Ly oA A 5N

when @ij >Y.

Bidders with values below Y do not win on the equilibrium path. Their
continuation value is therefore zero. In evaluating a deviation to a lower reserve
price, their willingness to pay is

~—Vij, Vij <Y.

Next, we derive the steady-state distributions H and H¢. Auctions are
held at rate A, but an auction results in an ad display only if at least one
bidder has a value above the cutoff Y. Thus, the rate at which firms enter a
consumer’s consideration set is

Al—H(Y)N].

Matching the total inflow into the consideration set with the total rate of
forgetting gives

MM =A[l—H(Y)].
Therefore,
All—He(Y)N]

M:
Ar

(25)

47



Conditional on an auction clearing the reserve, the entering firm is the
bidder with the highest expected value. The density of the maximum of N
independent draws from H¢ is

NH(s)N"1he(s).
Conditional on the maximum exceeding Y, its density is therefore

NH¢(s)N=1he(s)
[~ H )V

s>Y.

Because firms are forgotten uniformly from the consideration set, the distri-
bution of firms leaving the consideration set is H. Matching the distributions
of entering and exiting firms gives

_ NH(s)Nhe(s)
hs) = —— H(Y)N

s> Y. (26)

No firm with a value below Y enters a consideration set, so H(Y) = 0.
Integrating (@) from Y to s gives

B HC(S)N _ HC(Y)N

H(s) = Y. 2
© =" o> (27)
Recall the accounting identity
MH (s)+ (J — M)H(s) = JG(s). (28)
Using (@) to substitute for H(s) in (@), we obtain
c c J J-—M c c
He(s)N — H(Y)N = |:MG(S) -—; (s)] [1—H(Y)V], s>Y.
(29)
Evaluating (@) at s =Y and using H(Y') = 0 gives
e d
HY) = - MG(Y). (30)

Substituting (@) into (@), the distribution H¢ is characterized implicitly by

o (725) e = [ - 15 )]

X [1— (J_JM)NG(Y)N




It remains to verify the optimality of the reserve price. Fix the symmetric
equilibrium cutoff Y and the associated equilibrium objects H¢ and B. Con-
sider a unilateral deviation by one platform to a reserve price that induces
cutoff Y. The deviating platform takes H¢ and the equilibrium continuation
values of bidders as given.

Let

q(y) = N[1— H(y)|H*(y)" "
denote the probability that exactly one bidder exceeds y, and let

92(y) = N(N — 1) H(y)"*[1 — H(y)]h*(y)

denote the density of the second-highest value.
If Y <Y, the marginal bidder has zero equilibrium continuation value, so
the reserve inducing cutoff Y is

~ Ty ~

RY) = Art+p

Expected profit per auction opportunity is therefore

(V)= /OO B(s)ga(s) ds

Y

Ty ~ ~
+ Yq(Y).
Y q(Y)
Differentiating and using
B(Y) = Uy for Y <Y
Aftp
gives
~ Ty

(Y)

= NH(Y)N 11— HY(Y) = Yhe(Y)| .
S VHOP T L= ) = V(Y

Ify > Y, the reserve inducing cutoff Y is B(Y) Expected profit per
auction opportunity is

V) = [ Bl
+ B(Y)q(V).
Differentiating yields
I, (V) = NHe(V)N-! {B’(ff)[l —H(Y)] - B(Y)hcdf)} .
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By hypothesis, the virtual value

c _ 1— Hc(v)
Q/) (U) =v hC(U)
is strictly increasing, and Y solves ¢¥°(Y) = 0. It follows that
I (Y) >0 forall Y < Y.

For v > Y, the slope of the bid function,

B'(v)

_ T3
BV ESVESW OO,

is weakly decreasing. Moreover,

B(Y) = Afﬁipy > Y B'(v).
Therefore .
B(v) = B(Y) +/ B'(s)ds
Y
>YB'(v)+ (v-=Y)B'(v) =vB'(v).
Thus
B'(v) < 1
B(v) — v’
Because ¢¢(v) > 0 for v > Y,
he(v)
v ST He@)

Consequently,
IT, (v) <0 for all v > Y.

Hence the candidate cutoff Y globally maximizes the platform’s expected profit
per auction opportunity.

From here, given the average ad price 7y, platforms’ investment rates are
determined as in the baseline model. The condition that e — 1 < 1/¢ is used
in this step to_ensure that all platforms follow the same investment strategy
using Lemma P

]
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