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Abstract

We provide priority-constrained versions of the ordinal efficiency welfare theorem
for school choice lotteries. Moreover, we show that a priority-constrained version of a
cardinal second welfare theorem fails to hold, but can be restored for a relaxed notion
of equilibrium with priority-specific prices.
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1 Introduction

The assignment of students to schools (Abdulkadiroglu and Sonmez, 2003) is one of the
major applications of matching theory. A school choice mechanism assigns students to
schools taking into account the preferences of students and priorities of the students
at the different schools. Coarse priorities are a generic feature in school choice. In
practice, students are prioritized according to coarse criteria (e.g. based on catchment
areas, or having a sibling in the school) such that many students have the same priority
for a seat at a school. Thus, one can sometimes not avoid treating students differently
ex-post even though they have the same priorities and preferences. However, ex-ante,
some form of fairness can be restored by the use of lotteries. This motivates the study
of school choice lotteries.

Respecting priorities in school choice mechanisms can lead to efficiency losses (Ab-
dulkadiroglu and Sonmez, |2003)). This motivates the question under which conditions
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priority-constrained efficiency can be achieved. Our paper contributes to this discus-
sion by relating different notions of priority-constrained efficiency and providing welfare
theorems. Our first main result (Theorem 1) establishes that two different notions of
priority-constrained ordinal efficiency are equivalent, and are moreover, equivalent to
the existence of a cardinal utility profile consistent with the ordinal preferences such
that social-welfare is maximized subject to priority constraints. Thus, we generalize
the ordinal efficiency welfare theorem (McLennan) 2002) to the school-choice context.
We introduce a family of priority-constrained efficiency notions of different strength
under which the ordinal efficiency welfare theorem holds. In particular, we define a
natural priority-constrained efficiency notion where efficiency is subject to a set of ad-
mission policies at different schools that specify a priority cut-off for each school. This
notion of constrained efficiency (taking into account a set of admission constraints) is
a refinement of the notion of two-sided efficiency studied by He et al.| (2018]).

Having related different efficiency concepts, we apply them to the pseudo-markets
of He et al.| (2018)). In their setting, a random assignment is generated by a market
for probability shares. Each agent has a budget of tokens and can “buy” probability
shares at the different schools. Agents face different prices depending on their prior-
ity. In this context, we prove (Theorem 2) a version of the ordinal efficiency welfare
theorem for ex-ante stableE] random assignments, where supporting prices and budgets
can be constructed along the utility profile, such that the random assignment under
consideration is an equilibrium assignment in the sense of He et al.| (2018)) for the econ-
omy defined by the constructed utility profiles and budgets. This naturally leads to
the question whether the result can be strengthened in such a way that for any utility
profile and priority-constrained efficient random assignment, there exist corresponding
budgets such that the random assignment is an equilibrium assignment in the sense
of |[He et al.| (2018). In other words, does a constrained second welfare theorem hold?
We show by means of a counterexample that this is not the case. However, with a
natural relaxation of the notion of equilibrium with priority-specific prices we obtain
(Theorem 3) a second welfare theorem.

1.1 Related Literature

Ordinal efficiency welfare theorems for probabilistic assignments have been studied
in the context of object allocation without priorities (McLennan, 2002; |Manea, 2008)
and in the case of marriage markets (Dogan and Yildiz, 2016|). An ordinal efficiency
welfare theorem establishes that ordinal efficiency (with welfare evaluated by first-
order stochastic dominance) for a random assignment is equivalent to the existence of
a cardinal utility profile consistent with the ordinal preferences under which the random
assignment is Pareto efficient when lotteries are evaluated according to expected utility.
Pareto efficiency can be strengthened to social welfare efficiency. The original ordinal
welfare theorem is due toMcLennan| (2002) answering a question raised by Bogomolnaia,
and Moulin| (2001). A constructive proof was provided by Manea, (2008). We generalize

In an ex-ante stable random assignment a student only can obtain a seat at a school with positive
probability if there is no higher priority student for that school who obtains a less desirable school with
positive probability (Kesten and Unver, [2015).



the ordinal efficiency welfare theorem to the case with (weak) priorities and quotas.

Kesten and Unver (2015) initiate the study of ex-ante stable school choice lotter-
ies. For the classical marriage model, the condition was first considered by [Roth et al.
(1993). Kesten and Unver (2015) consider mechanisms that implement ex-ante stable
lotteries and satisfy constrained ordinal efficiency properties that are generally more
stringent than the ones we consider. He et al.| (2018) define an appealing class of
mechanisms that implement ex-ante stable lotteries. These mechanisms generalize the
pseudo-market mechanisms of Hylland and Zeckhauser| (1979) by allowing for priority-
specific prices (agents with different priorities are offered different prices). Cardinal
welfare theorems for random assignments are counterparts to the classical welfare the-
orems for exchange economies. For cardinal welfare theorems, utility profiles are the
primitive of the model. Hylland and Zeckhauser| (1979)) show that the equilibria of
their pseudo markets are Pareto efficient and hence establish a cardinal first welfare
theorem. Miralles and Pycial (2017)) establish a cardinal second welfare theorem that
demonstrates that each Pareto efficient random assignment can be decentralized as
a pseudo-market equilibrium by appropriately choosing budgets and prices. We show
that their result only generalizes to the pseudo-markets of He et al.| (2018)), if the notion
of equilibrium with priority-specific prices is weakened.

2 Model

There is a set of n agents N and a set of m schools M. A generic agent is denoted by
¢ and a generic school by j. In each school j, there is a finite number of seats ¢; € N.
We assume that there are as many school seats as agents, jem 4 = - A lottery
over schools is a probability distribution over M. We denote the set of all lotteries over
schools by A(M).

Agents have preferences over lotteries over schools. Preferences of agents can be
modeled in two different ways: In the first version, each agent i has a preference
relation R; over different schools. We call R = (R;);cn a preference profile. We
write j P; 7' if  R; j' but not j' R; j, and j I; ' if j R; j' and j' R; j. The preferences can
be extended to a partial preference order over lotteries using the stochastic dominance
criterion: A lottery 7’ weakly first-order stochastically dominates lottery m with
respect to preferences R;, if for each j € M we have

> Tz )

j'eM:j' R; j j'eM:j' R; §

In this case, we write 7/ Rfd m . We write TrIfd 7' if all of the above weak inequalities
hold with equality, and 7/ Pfdﬂ if at least one of the inequalities is strict. In the latter
case we say that 7’ strictly first-order stochastically dominates lottery .

In the second version, each agent ¢ has a von-Neumann-Morgenstern (vINM)
utility vector U; = (uij)jem € RJXI. We call U = (U;)ien a utility profile. Lotteries
are evaluated according to expected utility. Thus, agent i prefers lottery 7’ to lottery

m if
/
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A utility vector contains more information than a preference relation. In addition to
ranking the schools, the vINM-utilities express the rates with which agents substitute
probabilities of obtaining seats at the different schools. Utility vector U; is consistent
with preferences R;, if for each pair of schools j,j’ € M we have jR;j < wij > uj.
Each utility vector U; is consistent with one preference relation R; that we call the
preference relation induced by U;. It is a standard result (see e.g. Proposition 6.D.1
in Mas-Colell et al., [1995)), that if lottery 7’ strictly first-order stochastically dominates
lottery 7 according to preferences R;, then lottery 7’ yields higher expected utility than
7w according to any vNM-utilities U; consistent with R;.

Each school j has a weak (reflexive, complete and transitive) priority order 7; of
the agents. We let ¢ ~; ¢’ if and only if ¢ 27; ¢ and ¢ 2Z; 3. We let ¢ =; ¢’ if and only
if 4 77; i’ but not i’ 77; i. The priorities Z; of a school j partition N in equivalence
classes of equal priority agents, i.e. in equivalence classes with respect to ~;. We call

these equivalence classes priority classes and denote them by N ]-1, N 3‘2 .. ,Nf(j ) with

indices decreasing with priority. Thus, for £ < ¢, i € N f and i’ € N f’ we have ¢ > /.
In that case, we also write Nf - Nf/. We use the notation i 7, Nf to indicate that ¢
has higher or equally high priority at j than the agents in the priority class N, f .

A deterministic assignment is a mapping p: N — M such that for each j € M
we have [u71(j)| = ¢;. A random assignment is a matrix z = (z;;) € RV*M such

that
0<uzy; <1, Zl‘z‘j =1, Zﬂfij = qj,
jeM iEN

where x;; is the probability that agent ¢ is matched to school j. By the Birkhoff-von
Neumann Theorem, each random assignment corresponds to a lottery over determinis-
tic assignments and, vice versa, each such lottery corresponds to a random assignment
(see Kojima and Manea (2010) for a proof in the set-up that we consider). For each
i € N we write x; = (x;;)jem and for each j € M we write x; = (24;)ien.

A random assignment x is ex-ante blocked by agent ¢ and school j if there is some
agent ¢’ # ¢ with x;; > 0 and ¢ >; 7' and some school j' # j with z;;; > 0 and j P; 5.
In this case, we say that i has justified envy at school j. A random assignment is
ex-ante stable if it is not blocked by any agent-school pair. The definition extends to
the case where agents have vNM-utilities, by considering the preference profile induced
by the utility profile.

2.1 Constrained Efficiency

Next, we introduce priority-constrained efficiency notions. In some situations, priorities
of schools contain welfare relevant information that we want to respect. Schools’ welfare
can be evaluated by a first-order stochastic dominance ranking derived from priorities.
For a school j € M and random assignments z and y we let y; -sd x; if for each

J
1< ¢ <{(j) we have
PRI DR
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We write y; >-jfd x; if at least one of the inequalities is strict. A welfare improvement
for agents is uncontroversial if it leaves schools’ welfare unchanged or improves it. This
leads us to the notion of priority-constrained efficiency. We introduce ordinal and
cardinal versions of the notion.

Random assignment y first-order stochastically dominates (sd-dominates) ran-
dom assignment z if for each i € N we have y; Rfd x; and for at least one ¢ € N we
have y; Pfd z;. Random assignment z is priority-constrained sd-efficient if for each
random assignment y that sd-dominates x there is a school j such that y; iﬁjd xj.

For the case without priorities, sd-efficiency is equivalent to the absence of cycles of
mutually beneficial bilateral trades (see Lemma 4 in Bogomolnaia and Moulin, 2001)).
One generalization of this notion to the case with priorities is that there should not
be cycles of mutually beneficial bilateral trades where priority is weakly increasing
through the cycle. Formally a strong stable improvement cycle for an assignment
x is a sequence of agents ig, i1, ..., ix and schools jo, j1, ..., jx such that the following
holds:

1. @ j, >0foreach 0 <k < K,
2. Jr Rig yJr-1 R 5 Jx—2--- 1 Rig jo Pig ji
3. o Ty 01 gy -+ Zjo G0
We will show in Theorem [1] that the absence of strong stable improvement cycles is
equivalent to priority-constrained sd-efficiency.
The definition of priority-constrained efficiency extends to cardinal utility: Random

assignment y Pareto dominates random assignment x with respect to vINM-utility
profile U if for each ¢ € N we have

E UijYij = g WijTig,
jEM jEM

and the inequality is strict for at least one agent. Random assignment x is priority-
constrained efficient if for each random assignment y that Pareto dominates = there
is a school j such that y; %jd zj. A random assignment y dominates random assign-
ment x in social welfare terms with respect to vINM-utility profile U if

E UijYij > E UjjTig
1] 4,J

Random assignment r maximizes social welfare subject to priority constraints
if for each assignment y that dominates = in social welfare terms with respect to U
there is a school j such that y; zjd xj.

2We use the term, ”strong stable improvement cycle”, because an ex-ante stable random assignment z that
permits such a cycle can be sd-improved upon without violating ex-ante stability, by reallocating probability
shares along the cycle. |[Erdil and Erginl |2008| consider a weaker notion of a stable improvement cycle for
deterministic stable matchings (and strict ordinal preferences), which was generalized to the probabilistic
set-up by [Kesten and Unver (2015). In comparison to a strong stable improvement cycle, in the definition of
a (weak) stable improvement cycle the third item in the definition is replaced by the weaker condition that
for 0 < k < K, iy, is one of the highest priority agents at school ji1 that prefers jii1 to some of the schools
that he is matched to with positive probability. Here we take indices modulo K + 1.



He et al. (2018) consider a slightly stronger notion than priority-constrained ef-
ficiency, called two-sided efficiency, in which also priority-improvements that leave
agents’ welfare unchanged are ruled out. Formally, a random assignment y makes
a welfare-indifferent priority improvement on random assignment x if for each
1 € N we have ZjGM UijYij = ZjeM ui;x;j, for each j € M we have y; ?;jd x; and for
at least one j € M we have y; >§d xj. A random assignment z is two-sided efficient
if it is priority-constrained efficient and does not admit a welfare-indifferent priority

improvement.

2.1.1 Stronger Constrained Efficiency Notions

The concept of priority-constrained efficiency can be naturally strengthened: For pri-
ority profile -, let =C >’ be a profile of weaker priorities. A random assignment z is
partially priority-constrained efficient for =’ if it is priority-constrained efficient
under ', Partial priority-constrained efficiency thus only takes into account a subset
of the priority comparisons as welfare relevant for schools, respectively as constraints
when maximizing welfare for agents.

We are particularly interested in the case of lower bounds (or cut-offs) on priorities.
If priorities are for example derived from exam scores or grade point averages,[ﬂ then
cut-offs are specified by minimum scores that grant admission at the different schools,
where randomization can be used to ration seats among applicants who achieve ex-
actly the minimum score. The concept is particularly natural for priority-respecting
assignments: For strict priorities and preferences, priority cut-offs uniquely determine
stable matchings (Azevedo and Leshno| 2016) and hence the welfare for the students.
For probabilistic assignments, an ex-ante stable random assignment is determined by
priority cut-offs and by a rationing rule for admission at the cut-off in case that there
is over-demand at the priority cut-off. See Section Thus, efficiency subject to
priority lower bounds precludes inefficient rationing for given priority cut-offs.

Formally, we define the cut-off Cj(z) for a school j under random assignment x
to be the lowest priority class containing an agent that has a positive probability of
obtaining a seat in school j in x. Formally

max{Z:HiEN{Z,xU >0}
CJ(.Z') =N j ’ .
A school j uses a more lenient admission policy under random assignment y than
under random assignment z, if either the school has a strictly lower cut-off in y than in

x or it has the same cut-off, but admits a bigger fraction of the students in the cut-off
class, i.e.

Cj(x) »; C;(y) or [Cj(x) = Cj(y) and Z Yij > Z ij].
i€C;j(z)=C;(y) i€C;i(2)=C;(y)

3These kinds of priorities occur for example frequently in centralized college admission (e.g. in China,
and several European countries, see http://www.matching-in-practice.eu/higher-education/). In this
context ”schools” are universities or colleges. In practice, different methods are used to ration seats among
equal score students, such as lotteries, the use of additional tie-breaking criteria, or (in the case of Hungary)
leaving seats unassigned.


http://www.matching-in-practice.eu/higher-education/

A random assignment z is (priority)-cut-off-constrained sd-efficient if for each
random assignment y that sd-dominates it there exists a school that uses a more
lenient admission policy under y than under x. Similarly, a random assignment z
is (priority)-cut-off-constrained efficient if for each random assignment y that
Pareto dominates it there exists a school that uses a more lenient admission policy
under y than under z. A random assignment x maximizes social welfare subject
to priority cut-offs if for each random assignment y that dominates x in social welfare
terms with respect to U there is a school j that uses a more lenient admission policy
under yE] One immediately sees that cut-off-constrained efficient random assignments
are partially priority-constrained efficient with an ordering =’ under which agents are
partitioned into three priority classes at each school: Those that are ranked above the
cut-off priority class, those that are in the cut-off class, and those ranked below the
cut-off class. Formally for j € M and 4,7’ € N

7 ?\1’7 THREN [Z > CJ(SL') or (’L ~j C](l') ?\:j i/) or (CJ(IL‘) ~j i and C](l’) =3 ’L,)]

3 Results
3.1 The Constrained Ordinal Efficiency Welfare Theorem

We now relate priority-constrained ordinal efficiency and priority-constrained cardinal
efficiency by providing an ordinal efficiency welfare theorem for random assignments
with priorities.

Theorem 1 (Constrained Ordinal Efficiency Welfare Theorem). For a random assign-
ment x, preferences R and priorities 7, the following statements are equivalent:

(1) x has no strong stable improvement cycle,
(2) x is priority-constrained sd-efficient for R and 7,

(3) there exists a vNM-utility profile U consistent with R, such that x mazimizes
social welfare subject to priority constraints for U and 7.

Proof. To show that (3) = (2), note that if a random assignment y sd-dominates x
under the preferences R induced by U, then y Pareto dominates x with respect to U
and in particular y yields higher social welfare than x with respect to U. To show that
(2) = (1) note that if there is a strong stable improvement cycle, we can construct an
assignment y that sd-dominates x by reallocating probabilities across the cycle: Let
10,-..,tx and jo,...,JK be the agents and schools in the cycle. Choose € > 0 such
that € < min{z;, j,,1 — 24, j,,,} for each 0 < k < K (taking indices modulo K + 1),
and define y;, 5, = w4, 5, — € and Y, 5, = T j,,, + € foreach 0 < k < K (taking
indices modulo K + 1). Leave the assignment otherwise un-changed. By construction
Yj -sd x; for each j € M, y; Rfd x; for each i € N and y; Pfd x; for at least one 7 € N.

~J

Thus, (2) = (1). To show (1) = (3), we use the following result due to Manea, (2008):

4A stronger efficiency notion would define leniency only in terms of the cut-off and would allow for a
smaller fraction of admitted students within the cut-off. We will later show (see Example [2)) that this
stronger efficiency notion is too stringent for our purposes.

7



Lemma 1 (Proposition 2 in Maneay, 2008)). Let > and < two disjoint binary relations
over a finite set O. Let >:=p> U <. If B> is acyclic, i.e. if there exists no sequence
01,02, ...,0, with o1 > 0y > ... B> o > 01, then there exist a mapping u : O — Ry
such that for all 0,0’ € O we have

o> 0 = u(o) > u(d),
ox10 = u(o) > u(d).

We choose O to be the set of all priority classes, i.e. O := {Nf cjeM, 1 <0<}
and define B> such that it reflects a common component of the agents’ preferences: if
an agent is contained in two priority classes (at different schools), consumes from the
first one with positive probability, but (weakly) prefers consuming from the second
one, then that second priority class is (weakly) preferred to the first one according to
> . Formally, for j # j', 1 < £ < /{(j) and 1 < ¥ < 4(5") we let

Ni>NY < (3ie N NN, ;> 0,5 P j),
N Ni < (Nf i NY and 3i € NEN NG, 2 > 0,51 §).

We rank priority classes at the same school such that a lower priority is weakly
preferred to a higher priority, i.e. for j € M and 1 < £,¢' < £(j) we let
NYsaNfe <.
The absence of strong stable improvement cycles implies that > is acyclic. Indeed
suppose there is a cycle

l lrore 141 o lr e 541 ¢l /l
NE g s NS K s NE g s NE 2 > > NOsa L s NSO > NLTE
K K JK-1 JK—1 Jo Jo K

for indices 0 < rg < r; < ... < rg and schools jo # j1 # ... # jx # jo. For
. Ly Ly . . .
0 < k < K —1, choose i, € Njkk N Njkifl with z;;, > 0 such that jpi1 R, jk,

. . . . .
and choose ig € NjKK N Nfg with x;;,, > 0 such that jo P, jx. Observe that as

s o . . .. .
N."™ pa N.F' we have lro+1 < £y, and therefore ig 274, i1, etc. We obtain i, ...,ix

j ~J1
Wi]tlh xik’jjl> 0, jk+1 Rik Jk and i r>\_/jk+1 ’ik+1 for 0 <k < K- 1, and Jo PiK IK and
iK Zjo to- We have found a strong stable improvement cycle.

We use the lemma to define the utility profile U. Consider a mapping u : O — R
as in Lemma (Il We define utilities such that for each priority class IV, f € O all agents
in NV f that are matched to j with positive probability have the same utility u(N f) for
attending j. Moreover, this utility will be the maximal utility that any agent in N f

has for attending j. Thus, we require for each ¢ € N and N, f € O that

l’ij>0,iENf:>Uij:u(N€), (1)

$ij:0,i€Nf:>uij§u(Nj). (2)

~ S

We show that we can construct U consistent with R such that Conditions (1) and
(2) hold. For i € N let M; := {j € M : x5 > 0} and O; := {N} € O : i €

8



Nf}. Order the elements of M; consistently with R;, i.e., let M; = {jo,...,jx} with
Jr Rijk-1Ri ... Rijo. For 0 < k < K, let 1 < ¢ < {(ji) be the index such that
1€ Nf: and let for each j € M:

o ¢
7 1i ke = wij = u(N;)).

Define U; otherwise consistent with R; such that (2) holds, by requiring for 0 < k <
K — 1 that

, S ¢ : ‘
kw1 Pij Pk = u(NG) <wyg < min - u(Ny),
leeoi1]k+1 R; j' P; ji

and that
]Pz]K:>u(N ) <wuyy < min u(N%),
Nf/eOi:j/Pin
JoFPij=0<u; < min u(Nf,).

Nf/EOi:jo R;j’

By the construction of our ordering this is possible and yields Conditions (1) and (2),
as for each 0 < k < K, j € M with j P, ji, and Nf € O;, we have Nf > Nf: and
therefore u(Nf) > u(Nf:), and for each 0 < k < K, j € M with j I; j and Nf e O;
we have Nf > Nf: and therefore u(Nf) > u(Nf:) = ujj.

Now that we have defined U, we can show that x maximizes social welfare subject
to priority constraints with respect to U and 7. Suppose for random assignment y we
have

Z Zuijyij > Z Zuijmij.

JEM ieN JEM ieN
By Condition (1), we have
@)
DD iy = ) Z D wigwig = ) Y uN)(D @iy
JEM ieN JEM (=1 ngJ@ JEM ¢=1 ZGNf
By Conditions (1) and (2), we have
£() ()
IIPBTTEDIDISILTITED P BLOHO BT
JEMieEN JEM f=1 ZENf JEM ¢=1 ZENf
Thus,
£(5) £(5)
2 D uND(Y_ wy) > D D ulN(D i)
JEM (=1 zeNf JEM (=1 ieN;?



Rearranging the terms and noting that Zi>_jN,.€(j) Yij = DieNVYij = G = DieN Tij =
~ J

. e) Tij we have
Zziij J

£(4) 5)-1
0< uN) (Y i — i) =Y Y (u u(NFNCY D (i — 245)-
JEM (=1 ngf JEM (=1 iiij

By construction, u(Nf) < u(Nf/) for ¢ < ¢' and therefore u(Nf) - u(Nf“) < 0 for
¢ =1,...,0(j) — 1 for each j € M. Thus, there is a j € M and 1 < ¢ < {(j) with
Zz‘szf (yij — xi;) > 0 and therefore y; %‘;d xj. O

Remark 1. An analogous ordinal efficiency theorem can be obtained for two-sided
efficiency. In this case, the notion of a strong stable improvement cycle has to be
weakened as follows: For the sequences of agents ig,11,...,1x and schools jo, j1,--.,JK
the following holds:

1. x5, >0 for each 0 <k < K,

2. Jx Rip  Jx—1 Ripe_, Jk—2-..J1 Rig Jo Rj JK

8.t Zji 1 s -+ - UK Zjo 0,

4. Jo Pig ji orig =j, io.
Moreover, instead of priority-constrained sd-efficiency, we have to consider two-
sided sd-efficiency, which can be defined as the combination of priority-constrained
sd-efficiency and the absence of ordinal welfare-indifferent priority improvements,
i.e. there should not be a random assignment y such that for each i € N we have
Yi Ifd x;, for each j € M we have y; ijd xj and for at least one j € M we have
Yj >—§d x;. The absence of improvement cycles as above is equivalent to two-sided

sd-efficiency and to the existence of a vINM-utility profile under which the assignment
under consideration is two-sided efficient. We sketch the argument in the appendiz.

An immediate consequence of the theorem and the discussion in Section is the
following version of an ordinal efficiency welfare theorem for cut-off-constrained effi-
ciency. For ex-ante stable random assignments, the result can be further strengthened,
as we show in Section B.2.11

Corollary 1 (Ordinal Efficiency Welfare Theorem for cut-off-constrained efficiency).
For a random assignment x, preferences R and priorities 7 the following statements
are equivalent:

(1) x is cut-off-constrained sd-efficient for R and 72,

(2) there exists a vNM-utility profile U consistent with R, such that x maximizes
social welfare subject to priority cut-offs for U and .

3.2 Equilibria with Priority-Specific prices

Next, we consider the pseudo-markets with priority-specific prices of He et al.| (2018]).
A random assignment is generated by a pseudo-market of probability shares. Each

10



agent has a budget of tokens and can “buy” probability shares at the different schools.
Agents face different prices depending on their priority.

A pseudo-market is a triple (U, b, ) consisting of a vNM-utility profile U, a
vector of budgets b € R% , and priorities =. We consider two equilibrium notions
for pseudo-markets. The first relaxes the equilibrium notion of He et al. (2018)): An
equilibrium with priority-specific prices for the pseudo market (U, b, 7) is a pair
(m,p) consisting of a random assignment z, and prices p = (pj¢)jenm,1<e<s(y) for each
priority class that are (weakly) decreasing with priority, i.e. for each j € M we have
0 <pj1 <pj2<...< D) < 00, such that for each ¢ € N the lottery x; is an
optimum for the problem

max E UG T4
A(M
TeA(M) ey

subject to Z pjemj < bj.
j,Z:iEN]‘."

We denote the set of equilibria with priority-specific prices for (U, b, 22) by E(U, b, 72).

A stronger notion of constrained equilibrium was considered in He et al. (2018).
A cut-off-constrained equilibrium is a pair (z,p) of a random assignment x and
prices p € Rﬂ\f’ such that (z,p) € E(U,b, ) for

0 for Nf = Cj(x),
pje = pj for Nf = Cj(z),
oo for Cj(x) > Nf,

We denote the set of cut-off-constrained equilibria for (U, b,7) by £(U,b,). Re-
quiring zero prices above the cut-offs guarantees that cut-off-constrained equilibrium
assignments are ex-ante stable by construction: If an agent ¢ and school j ex-ante block
the random assignment z, then ¢ >=; C;(z) and ¢ can obtain j for free. Thus, ¢ could
afford a better lottery where he substitutes probability shares at a worse school for prob-
ability shares at school j. He et al. (2018) show that cut-off-constrained equilibrium
allocations are priority-constrained efﬁcien‘ﬂ if the following tie-breaking assumption
is made: Whenever multiple lotteries are optimal for an agent, he chooses a cheap-
est one. Their argument immediately generalizes to equilibrium random assignments
under priority-specific prices. For completeness, the appendix contains a proof.

Proposition 1 (Constrained First Welfare Theorem). For each pseudo-market
(U,b, ), each equilibrium random assignment for priority-specific prices such that each

5The result can be strengthened to two-sided efficiency, if prices in the cut-offs are positive. However,
two-sided efficiency can fail to hold if some prices in the cut-off are zero: Consider two agents i1, 42, two
schools ji, jo each with one seat, arbitrary budgets b1, b, and priorities 41 >, 42 and i »>j, 71. Suppose
u1p = u12 > 0 and ug; = ugp > 0. Consider the random assignment z with x;; = % for all ¢ and j. Since
both agents are indifferent between both schools, but agent i, is ranked higher at j; and agent ¢ is ranked
higher at jo, the assignment that assigns i1 to j; for sure and is to jo for sure yields a welfare-indifferent
priority improvement over x. Thus, x is not two-sided efficient. However, it can be decentralized with prices
pj, = Pj, = 0 and the second priority as cut-off.
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agent chooses a cheapest lottery whenever multiple lotteries are optimal, is priority-
constrained efficient with respect to U and 7.

An immediate consequence of the proposition and our definition of cut-off-
constrained efficiency is that cut-off-constrained equilibrium assignments are cut-off-
constrained efficient.

Corollary 2. For each pseudo market (U,b, ), each cut-off-constrained equilibrium
allocation such that each agent chooses a cheapest lottery whenever multiple lotteries
are optimal is cut-off-constrained efficient.

Proof. Consider the auxiliary priority profile 7' constructed in Section By def-
inition £(U,b,=") = £(U,b,). Thus, by the proposition, each cut-off-constrained
equilibrium allocation z in (U,b, ) is priority-constrained efficient in (U, b, ') and
hence cut-off-constrained efficient in (U, b, 27). O

The result in the corollary is strictly stronger than the first welfare theorem under
priority-constrained efficiency even for ex-ante stable random assignments, as cut-off-
constrained efficiency is strictly stronger than priority-constrained efficiency.

Ezxample 1. Consider three agents, three schools, each with a single seat (¢; = 1 for
each j), the following utilities and priorities,

Uy Uiy Uy Zi T Zjs
2 3 5§ i1 41,492,143 i1,i2,13
3 4 4 19
49 3 is

The underlined entries in the priorities are priority cut-offs for the following assignment
(here and in the following rows correspond to agents and columns 