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1 Introduction

Inference in the presence of nuisance parameters has received substantial attention.
One fruitful way to proceed is to work with estimating equations that are orthogonal
with respect to the nuisance parameters in the sense of Neyman (1959). Such equa-
tions underlie many of the results in semiparametric estimation (Newey, 1994) and
are at the heart of recent advances on doubly-robust estimation and high-dimensional
inference as discussed in, for example, Chernozhukov, Chetverikov, Demirer, Duflo,
Hansen, Newey, and Robins (2018). A key finding is that Neyman-orthogonality
permits the construction of asymptotically unbiased estimators that converge at the
usual n~7>-rate provided the nuisance parameter has a convergence rate that is faster

Y4 where n is the sample size.
b

than n~

However, the faster-than-n="* requirement often fails in problems where the di-
mension of the nuisance parameter is large relative to the sample size. Examples are
panel data models with fixed effects, which are widely used in linear and nonlinear
difference-in-differences settings. There, we observe N units over T' periods of time
and the model includes both common parameters and unit-specific nuisance param-
eters (such as heterogeneous intercepts or slopes). The latter are estimated at the
rate T~"/2. For an estimator of the former based on Neyman-orthogonalization to be
successful we would therefore need that T—"2 = o((NT)~"*), which translates into
the requirement that N = o(7T). This is usually not a realistic condition in microe-
conometric applications. In fact, under this requirement the standard fixed-effect
estimator would permit asymptotically-valid inference. Consequently, (first-order)
Neyman-orthogonalization does not solve the incidental parameter problem in panel
data.!

The issue can be even more severe in high-dimensional regressions on network
data. In such settings, the convergence rate of the estimator of the nuisance param-
eter depends on the connectivity structure of the network (Jochmans and Weidner,
2019). Examples include the estimation of teacher value-added (Jackson, Rockoff
and Staiger, 2014), of the contributions of worker and firm heterogeneity to the vari-

ance of log wages and other covariance components (Abowd, Kramarz and Margolis,

!The problem is reminiscent of the poor performance of double machine-learning techniques
in some settings, as recently documented by Wiithrich and Zhu (2021) and Angrist and Frandsen
(2022). A related problem where the conventional approach was formally shown to fail is a nonlinear
version of the judge-leniency design, see Hahn and Hausman (2021).



1999, Kline, Saggio and Sglvsten, 2020), as well as of complementarity patterns in
team production (Ahmadpoor and Jones, 2019, Bonhomme, 2021). Fixed effects in
network-formation models are also poorly estimated, especially in the prevalent case
where the network is sparse (see, e.g., Graham, 2020).

Motivated by these concerns, we focus on a higher-order generalization of Neyman-
orthogonality that was proposed by Mackey, Syrgkanis and Zadik (2018). An es-
timating equation is Neyman-orthogonal to order ¢ when all ¢ leading derivatives
with respect to the nuisance parameter have zero expectation. When ¢ = 1, this
means that the expected Jacobian is zero, which recovers the conventional notion of
Neyman-orthogonality (to order one). Working with estimating equations that are
Neyman-orthogonal to order ¢, when combined with sample splitting, allows one to
construct asymptotically-linear estimators when nuisance parameters are estimated
at a rate faster than n=/>@*Y_ As an example, in the panel data problem, this yields
valid inference under the requirement that N = o(77). Combining orthogonalization
with sample splitting (or cross-fitting) is important to achieve such an improvement,
because orthogonalized estimating equations, by themselves, do not, in general, de-
liver estimators with improved sampling properties.

Working in the conditional-likelihood setting, we show how to construct estimating
equations that are orthogonal to any chosen order. These estimating equations can
be understood to be generalizations of the projected score of Small and McLeish
(1989) and Waterman and Lindsay (1996). They can also be seen as higher-order
influence functions, as in Robins, Li, Tchetgen Tchetgen and van der Vaart (2008)
and van der Vaart (2014). Our approach applies to general low-dimensional target
parameters that satisfy a moment restriction. This includes functions of the nuisance
parameters such as average elasticities or other average effects. The conditional-
likelihood setting is crucial for our approach, since it allows us to orthogonalize a given
estimating equation without introducing additional nuisance parameters. Avoiding
such additional nuisance parameters is not essential to achieve orthogonality to order
one, as is well known. It is, however, what enables the construction of higher-order
orthogonalized estimating equations, as we explain in Subsection 4.2. We further
discuss the non-likelihood case in Section 8.

Our approach relates to techniques to correct for bias in panel data (Hahn and
Newey, 2004, Dhaene and Jochmans, 2015a,b) and to the literature on small mea-

surement error (Chesher, 1991, Evdokimov and Zeleneev, 2023). However, in contrast



with these approaches, we do not restrict the nuisance parameters beyond the fact
that they can be estimated at a certain rate.

We illustrate the usefulness of our approach in several examples and in an empirical
application to the estimation of nonlinear regressions on network data; a problem
for which, at present, no alternative solutions exist. In this setting, we estimate
a constant elasticity of substitution (CES) production function from the scientific
output of research collaborations. Asin Ahmadpoor and Jones (2019), the production
function depends on researcher-specific fixed effects. Estimates of the parameters can
be used to quantify the degree of complementarity among researchers within teams,
and to compute the impact of counterfactual re-allocations in the spirit of earlier work
by Graham, Imbens and Ridder (2014).

This problem is difficult because in the data that we use (taken from Ductor,
Fafchamps, Goyal and Van der Leij, 2014 and concerning publications in economics
on EconlLit), the number of collaborations per researcher is quite low. A conventional
estimator is thus likely to suffer from substantial bias. Our procedure uncovers the
presence of complementarity among authors in the production of research articles. In
a counterfactual exercise we also find that randomly pairing researchers would lead
to a decrease in the average quality of articles. Our findings are corroborated in a

simulation experiment targeted to our empirical application.

2 Problem statement and motivation

2.1 Setup

Let Z; = (Y;, X;) be random vectors, for i« = 1,.., N. We consider a setting where
the conditional density function of Y; at y given X; = z, say (y | z; 6o, mi0), is known
up to the parameters 6y and 7;y. Throughout, we will treat nyq, ..., nyo as nuisance
parameters, and leave the marginal density of the conditioning variable, ¢, (x), unre-
stricted. We are interested in estimating a parameter p that is defined through the

moment condition

E < U(Zi;eo,mm,uo)> =0, (2-1)
i=1



where the expectations are over Z; under £(y | x; 0o, m:i0) {x,(x). While the function u
could additionally depend on 4, for instance in settings where the dimension of 7
differs across 7, we omit this dependence for conciseness. We assume that, for all
1=1,..., N, Z; contains n; individual observations, and denote the total number of
observations as n = S  n;. For example, in a balanced panel data setting with N
units and 7' time periods, Z; is the time series of unit ¢’s observations, n; = T for all
i,and n = NT.

Our setup accommodates different types of target parameters. As an example,
we can set 19 = 0p. In this case, using u(z;0,7;) as a shorthand for u(z;0,n;,0), one
possibility is to use the score,

Ologl(y|x;0,n;

More generally, the moment condition (2.1) defines the target parameter

Mo = /l(eoﬂho, cen 777N07€X17 . 7€XN)a

which can be a function of the parameters 6, and n;y describing the conditional
distribution of Y; given X;, of the marginal distribution of X;, and (implicitly) of the

sample size. For example, we may be interested in an average effect of the form

1 N
Mo = N Z/m(x; 6o, 1i0)x, () dz,
i=1

where m is a known function.

To illustrate the setup we will refer to two leading examples.

Example: Neyman-Scott model. Our first example is the well-known Neyman
and Scott (1948) model. Here,

Yij=mo+ey ey~idN(0,03), i=1...,N, j=1,....T (2.2)



and the goal is to estimate 6y = o2 in the presence of the nuisance parameters

Mo, - --,"Nno- Define, forallt=1,..., N,

(Yi; 0%, i) L L ET:(Y )? (2.3)
U Y;;0,1) = — ig — i) .

7 202 20" a
where Y; = (Yj1,...,Yyr) " has dimension n; = T, and the total number of observations

is n = NT. Tt is well-known that the maximum-likelihood estimator of o2 is on
average too small, suffering from bias —c2 /7. While in this panel data problem first-
order orthogonality does not reduce the order of this bias, we demonstrate below that

second-order orthogonalization fully removes it.

Example: CES production function. Consider an environment where we ob-
serve workers producing output in n teams of size 2. Moreover, let k(j,1) and k(j, 2)
denote the workers in team j, and write K = {(k(j,1),k(4,2)) : j = 1,...,n} for
the set of workers in all teams; note that a given worker may be part of multiple
teams. Consider a model for team production where team output is a CES aggregate

of worker inputs (as in Ahmadpoor and Jones, 2019),

1
o4 7770. 0
Y, = <77k(771)0 > ks(J,2)0> 5}707 loge; K ~iid N (0,1), j=1,...,n. (2.4)

In this model, one may be interested in estimating the substitution parameter v, or
the log error variance o7, average elasticities, or effects of counterfactual re-allocations
of workers to teams, for example.?

To analyze this example we consider N < n subsets of teams j, of size n; each. Let
Y; denote the vector of team outcomes in subset i, let K; denote the set of indicators
for workers belonging to those teams, and let n; be the collection of all fixed effects of
those workers. Finally, let § = (v,0%)". The scores with respect to v and o2 take the
form u(Y;, K;; 6, m;). In contrast to our previous example, the theoretical literature on
network models such as (2.4) is scarce, and to our knowledge no approach has as yet
been developed for achieving bias reduction in such a setting.

In this example, a worker’s fixed effect may appear in the nuisance parameter 7;

2The model relies on the assumption that the network K of co-workers is exogenous, i.e., inde-
pendent of the shocks €;. Relaxing exogeneity through a parametric model of team formation is
conceptually feasible within our likelihood approach, but we do not consider this extension here.



across multiple observations. While such “overlapping fixed effects” typically compli-
cate the analysis and correction of incidental parameter bias, our orthogonalization

and estimation methods straightforwardly accommodate this structure.

2.2 The role of first-order orthogonality and its limitations

In the remainder of this section, we motivate our approach in a setting where one
wishes to estimate pp = 6y based on a random sample 71, ..., Z,, taking u to be a
univariate function, and 7y and 6y to be scalar. Hence N = 1, and n; = n is the total
number of observations.

If E(X%_ u(Zj;00,m0)) = 0, a conventional estimator of 0y, say 0, would be the

solution to

Zu 50.1) =0,

j=1
where 7) is a consistent estimator of 7y obtained in a preliminary step. However,
it is well known that such a “plug-in” estimator is sensitive to the quality of the
preliminary estimator 7 used.

Assuming sufficient regularity, a standard argument based on a linearization around

0y yields
du(Zj; 00, m0) 1 Zn
(E <—ae + OP( ) 9 90 ﬁ = U 00,

so that the sampling properties of 6 — 6, are dictated by the sampling properties of

the estimating equation. We have

1Z 1 &
- > u(Zj;60,1) = > u(Z;;60,m0)
J=1 Jj=1
(4)
1 &\ 0u(Zj;60,m0) ou(Zj; 6,m0) =~
NI\ 0, 10) o [ A5 70, 10 _
+ (n 2::1 o an (7 = 10)
j (2.5)
(B)
ou(Z;; 0y, N
—HE( ( yano 770)) (7 — o)
(€)
+ Op(|71 — m0l?)



The (A) term in (2.5) is a zero-mean sample average to which a standard central-
limit theorem can be applied. Hence, it is generally Op(n~"?). The next two terms
in the expansion capture the first-order effect of estimation noise in 7. The (B) term
can generally be ensured to be op(n~"?). A generic approach to achieve this is to
compute 7 from data that are independent of Z1,..., Z,, for example using sample
splitting. In the case of (2.5), (B) is the product of a sample average of zero-mean
random variables—which is Op(n~"/?)—and an op(1) term— as 7 is consistent for
no—and, therefore, (B) is op(n~7?). The (C) term, however, features a non-random
Jacobian that, in general, is non-zero. Hence, (C) is Op(|] — no|), and will only be
asymptotically negligible when 7 is superconsistent for 79, which is not usually the
case.

Suppose now that wu is first-order orthogonal, in the sense that

ou(Z; 00, m0) _
E (877) =0. (2.6)

Then the (C) term vanishes from (2.5) and we obtain

n

> u(Z;;60,7)

1
j=1 o

> w(Zj:00,m0) + Op(|fi — mol?) +op(n™).  (2.7)

Jj=1

S|

The requirement that 7 — 9 = op(n~"/*) then guarantees that the impact of the
estimation error in 7 on g is asymptotically negligible. While a given function v does
not, in general, satisfy (2.6), Neyman (1959) proposed a general method to transform
it into one that does. The resulting function is said to be Neyman-orthogonal.
Condition (2.6) has a long history in semiparametric estimation problems (Bickel,
1982, Schick, 1986, Newey, 1994). More recently, it has proved to be a fundamen-
tal ingredient in the literature on high-dimensional inference (see Chernozhukov,
Chetverikov, Demirer, Duflo, Hansen, Newey, and Robins, 2018). There are, how-
ever, instances where it is ineffective. To illustrate this it suffices to consider the

simple panel data setting from the Neyman and Scott (1948) problem.

Example: Neyman-Scott model (continued). In this problem it is easy to

ou(Y; 0(2)7771'0)> 1
E{—— ) === ) E(Y;; —n0) =0,
< (9771 Ué ]Z::l J

verify that



and so the score is already first-order Neyman-orthogonal with respect to the fixed

effects. Nevertheless, given preliminary estimators 7y, . . ., ny, and letting v; = 7; —n;0,
the estimator .
1
~92 ~\2
o° =2 > (Vi — )%, (2.8)
NT =3

has expectation o2 — 2/N SN E(g 1) + Yn SN E(v?), for & = Yr ZJT:1 eij- Thus,
when using sample splitting, the bias is I/¥ SV E(?), the mean squared error
of the preliminary estimator. With cross-fitting this is, at best, O(T~!). Hence,
VNT (6% — 62) will not have a correctly-centered limit distribution unless N/r — 0.
However, under this condition, the joint maximum-likelihood estimator of 02 and the
fixed effects, too, is asymptotically unbiased. Hence, having a score that is Neyman-
orthogonal, even when combined with sample splitting, does not suffice to resolve the

incidental parameter problem in panel data problems.

2.3 Higher-order orthogonality

To see how Neyman-orthogonality to a higher order can be helpful we now consider
a further expansion of (2.5). Again assuming sufficient regularity, we have, for any

integer ¢ > 1,

1 & R 1
- ZU(ZJ; 0o, 1) = - ZU(Zj;907U0>
j=1 Jj=1
(4)
d 1 12 8pu(Zj'00 77()) (apU(ZQO 770)) =
4 e Z = 700 g (22 7O ) — )P
pz_:lp! (n; o onp (7 —mo)
(B)
7.1 Pu(Z;;00,m0) \ -
DI (877 7=
©)

+Op([7 = nol™™).

Here, the (A) term is the same as before. Also, with sample splitting we can again

ensure that the (B) term will be asymptotically negligible. On the other hand, if the



function u satisfies the higher-order orthogonality condition

(9PU(Z"90 )]0)
E ) ! — 1 < < 2.
( 9 P 07 ~p=>q, ( 9)

the (C) term is equal to zero, and so

n

12 1/2
> ulZ5300,7) = > ulZy300,m0) + Op([ = mol"™) +op(n™").  (2.10)

=1 =1

S|

Comparing (2.10) to (2.7) we see that the impact of estimation noise in 77 on our
estimator of Ay has been reduced further. Moreover, for the impact of estimation
error to be negligible, we now only require that |§ — 1o|?*' = op(n~"?). It then

follows from standard results that, as n — oo,

~

V(B = 05) 5 N (0, 5p)

for some Yy, provided that

i — no = op(n™ D).

The notion of gth-order Neyman-orthogonality as in (2.9) was introduced by
Mackey, Syrgkanis and Zadik (2018). In the context of our conditional-likelihood
setup, we will give a general procedure to construct higher-order Neyman-orthogonal

functions below.

Example: Neyman-Scott model (continued). In the model of Neyman and

Scott (1948),
O?u(Yi; 02, mi0) T
]E Y0y _ O
( o a7

It thus follows that u is not orthogonal to second order. Below we will show that

a second-order Neyman-orthogonal score equation exists. This estimating equation
does not involve the nuisance parameters at all — in particular, it does not depend on

the choice of preliminary estimator of 7,y — and its solution is the usual degrees-of-

10



freedom corrected estimator

7= i L - Yo @211)

i=1j=1

where Y; = /737 Vj;. The estimator 62 is well-known to be fixed-T" consistent.

3 Estimation based on orthogonalized functions

We now present our estimation approach in the general case where the target pa-
rameter py may be equal to 6y or may be a different parameter such as an average
effect, and there are multiple, vector-valued nuisance parameters 7,,. We start by for-
mally defining higher-order Neyman-orthogonality in this general setup and describe
estimation based on higher-order Neyman-orthogonal moment functions. In the next

section, we will then show how to construct such functions.

3.1 Definition of higher-order orthogonality

Let d,, be the dimension of 1 and write n = (71, ...,7a4,). For any non-negative integer
p and a vector of integers m = (my, ..., m,) satisfying 1 < my <d, forall 1 <s <p,
define
D" = o (3.1)
n 877m1 e a/r/mp ’ ’

For a given p, there are d, = (d”erp 71) unique such partial derivatives. Let Vgp) be
the vector operator of dimension d, that collects all these unique partial derivatives
of order p. Finally, let VI be the vector operator of dimension >4—1 d, obtained on

stacking fo) for p=1,...,q. Explicitly, we have

vy [DZ,” : me{l,...,dn}}
v — V%Q) _ [D? cme{l,...,d,}% m gmz}
n . )
Vi (Drcme{l. . d), m<my <. <m,]

Neyman-orthogonality to order ¢ can now be defined as follows (Mackey, Syrgkanis
and Zadik, 2018).

11



Definition 1. If the function u satisfies
E [V u(Z: 60,10, 110)| = 0, (3:2)

for some integer q, then we say that u is Neyman-orthogonal to order q.

In this definition, all possible partial derivatives of u(Z;6,n, 1) with respect to n up

to order ¢ have mean zero.

3.2 Estimation

Let po satisfy (2.1) for a (possibly vector-valued) function u. We assume that u is
Neyman-orthogonal to order ¢ with respect to 7;, in the sense of Definition 1. Suppose
that we have access to preliminary estimators 7y, ...,7ny of the nuisance parameters
that are independent of the data Zy,...,Zy. If 1 is defined as the solution to
a moment condition involving the same data, estimation based on sample-splitting,
combined with cross-fitting (see, e.g., Newey and Robins, 2017), can be applied. When
the observations are independent this is conventional. For situations where the data
are dependent, modified sample-splitting strategies are available (see, e.g., Semenova,
Goldman, Chernozhukov and Taddy, 2023).

We estimate po by the GMM estimator

N

A | 59

[ = argmin
“w

where W is a chosen symmetric positive-definite matrix, ||ufw = vu W u, and 8 is
an estimator of 6.

The estimator 6 will depend on the problem at hand. If 6 is defined through
a moment condition of the form SN E(u(Z;; 0y, mi0)) = 0, for a function @ that is

Neyman-orthogonal to order ¢, then our framework can be applied and we can use

N

=1

, (3.4)

w

f = argmin
0

where W is again a chosen weight matrix. In this case, we may equally combine (3.3)

and (3.4) into a single GMM estimation procedure.

12



In Section 7, we provide conditions under which this approach yields estimators
that are n~"/>-consistent and asymptotically normal, where n is the total number of
observations. We will impose two key conditions. The first one is that, although
their number may increase with the sample size, the dimension of each 7n; remains
bounded as n tends to infinity. This imposes a suitable sense of sparsity in the
relationship between the nuisance parameters and the outcomes. This condition is
trivially satisfied in the panel data and network problems with fixed effects that we
consider. The second key condition we impose is that the convergence rates of the
preliminary estimates 7; be faster than n~"/?@). This ensures that, after having
orthogonalized to order ¢, any remainder terms are asymptotically negligible.

Our approach requires choosing an orthogonality order ¢. In practice, we rec-
ommend reporting estimates and standard errors for various values ¢ = 1, 2, ..., qumax,
each based on a g-orthogonal function u;. For a given ¢ that satisfies the conditions
of our theory (see Theorem 2 in Section 7), the estimators based on w; and u;, are
both root-n consistent and asymptotically normal. Given this, we propose to report
as a diagnostic the difference in orthogonal moment functions u; — u,,, suitably
normalized. A large value of this statistic indicates that the order ¢ of orthogonality
may be too small. We describe this approach in Appendix C, while leaving the formal
construction of a selection method for ¢ and its impact on inference on pg to future

work.

4 Achieving higher-order Neyman-orthogonality

4.1 Main result

Let w be a moment function. We now show how to construct an orthogonalized
counterpart of u, which we call uy, that is Neyman-orthogonal to order ¢, where
q > 1 is any arbitrary order.

Recall the definition of the vector operators Vgp) and VI in Subsection 3.1. It is

convenient to introduce the Bhattacharyya (1946) basis vy, vg, . . ., where

YOy |:6,m)
. 0 — 7] b) b) )
vz 00 = = TG

McLeish and Small (1994) discuss several properties of this basis. One important

13



property for our purposes is that

Eg,(vp(Z;0,m) | X = 2) = /Up(Z;Hm) Uy |z;0,m) dy =0 (4.1)

for any p, so all elements of the Bhattacharyya basis have (conditional) mean equal
to zero. In (4.1), and throughout this section, Eg,(- | X = ) denotes the conditional
expectation under ((y | z;0,n).

The low-order basis functions are familiar from likelihood theory. For example,

dlog l(y|x;0,m)
on ’

Olog l(y | z;0,1m) dlog l(y|=;0,m) 9 logl(y|=;0,n)

/02(2; 97?7) = an an‘r + 87]8771' .

vi(z;0,n) =

The fact that these functions have mean zero follows from the unbiasedness of the
score and from the information equality, respectively.

Stacking the leading ¢ basis functions, we obtain

Ul(’z; 97 77)
_ Villyl=6,m) _ :

wy(z;0,mn) =
ol250.7) Uy | x;0,m) (50.m)
Ug(Z50,m

The vectors w, are mean-zero “generalized score functions”. The vector space spanned
by the Bhattacharyya basis at order g is a higher-order tangent set.> While it is possi-
ble to achieve higher-order Neyman-orthogonality using other bases of functions, the
Bhattacharyya basis delivers simple expressions through the use of Bartlett identities.

Next, let us define the matrices
Bgug (0,1) = By y(wy(Z;0,m) wy(Z;6,m)" | X = x),

and
Swgu(;0,1, 1) = By (wy(Z;0,m) u(Z;0,m,1) " | X = x),

which are, respectively, the (conditional) covariance matrix of the first ¢ members

3In models with i.i.d. observations, for which the likelihood of any ¢ observations is []?_, ¢(z,),
the tangent set of order ¢ is defined as the span of all derivatives with respect to the parameter, up
to order ¢, of [[?_, £(z,), divided by []?_, ¢(2,); see equation (1.8) in van der Vaart (2014). In our
setting we do not assume that observations are i.i.d.

14



of the Bhattacharyya basis, and the covariance matrix of the same ¢ basis functions

with the vector function u. Finally, let

by(2;0,m, 1) = Vi Eg,(u(Z;0,1,1) 7| X = ).

dlog £(y | x;0,m)
—=—5p . In general, however,

Note that b, is zero when w is the score for 6, i.e.,
b, will be non-zero. Here we assume that u(z; 0,7, 1) and €(y | x; 0, n) are sufficiently
often differentiable in 7, and that the expectations in the definitions of X, w,, Zw,u;
and b, are well-defined.

The proof of the following result is in Appendix A.

Theorem 1. Suppose that Xy, ., (x;6,1n) is invertible and let

A(50,1, 18) = Doy, (5.0,0) ™ (Zugu(: 0, 11) = by(2:0,7m, 1)) -

Then the function

wi(z;0,m, 1) = u(z;0,m, 1) — A(x;0,m, 1) " we(z;60,n)

satisfies Ko, (VI uz(Z;0,m, u) | X = x) = 0. This implies that u}, is Neyman-orthogonal

to order q, as defined above.

Theorem 1 generalizes the projected-score construction of Small and McLeish (1989)
and Waterman and Lindsay (1996). To see this, consider the case where po = 6, and

u is the score function for 6. Then b, = 0 and Theorem 1 yields

.
(20,7, 18) = u(z; 0,77, 18) = (g, (50,0) ™ Sy (;0,m)) 1wy (23 0,7),

which is the projected score of order g. The projected score was originally developed
as a tool to achieve E-ancillarity (Small and McLeish, 1988) and to approximate the
conditional score for #, when the latter exists (Waterman and Lindsay, 1996). It
generalizes Neyman (1959) in that v is the (population) residual of a least-squares

regression of u on wg; thus,
g, (wy(Z:0.1) uy(Z; 0.1, 1) |X = 2) = 0.
While the fact that ) is Neyman-orthogonal is noted by Waterman and Lindsay

q
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(1996) (although a link with Neyman’s work is not made), it is not exploited. More-
over, unlike the conditional score, the projected score still depends on 7, and it will
generally not have improved properties over the score itself. As we highlight here,
it is the combination of higher-order versions of Neyman-orthogonality with sample
splitting that allows one to improve over working with the original score.

Theorem 1 covers more general estimating equations as well as more general pa-
rameters of interest, such as average elasticities or counterfactual quantities. Incorpo-
rating by(x;0,n, 1) into u}(z;0,m, 1) is a key innovation that enables this generality.

Observe that, in this case, we have that
Eo,y(wy(Z;0,m) wy(Z;0,m, 1) | X = x) = by(; 0,1, ),

thereby revealing ) to be an influence function of order ¢ per Equation (1.9) in
van der Vaart (2014).

We note that Theorem 1 requires the matrix Xy, ., (2;6,7) to be invertible. In the
standard case of first-order Neyman-orthogonality this corresponds to non-singularity
of the information matrix of the nuisance parameters. For higher-order Neyman-
orthogonality this requirement imposes further restrictions. For example, in the team
production model (2.4) with two-worker teams, the 2 x 2 matrix X, ., (KC;0,7) is
not invertible, as only the sum 77,:( iyt nZ( j2) can be identified. In our application
in Section 6, we will tackle this issue by combining data on teams of size 2 with

single-author articles, and working with subsets i of three teams each.*

4.2 Intuition and discussion

To gain intuition into the construction in Theorem 1 it is useful to again consider
the case where u is a univariate function, the nuisance parameter is a scalar, and
one wishes to estimate gy = #y. Throughout this subsection we also assume that
the conditional mean Eg, (u(Z;0,n)| X = z) does not vary with 7, so that the term
by(z;6,n, 1) in Theorem 1 is zero; this holds, for example, when u is the score for 6.

The general case is analogous, with the b, term retained.

4As another example, consider the standard binary-choice panel data model
Pon, (Yij = 1] X1, ..., Xor) = ®(m; + X;30), i=1,...,N, j=1,...,T,

for (conditionally-independent) binary outcomes Y;; and covariates X;;. In this model, the rank of
Ywaw, (x30,n) is bounded by 2T — 1, so Yw,w, (x;0,m) is singular for all ¢ > 2T,
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First-order orthogonality. To relate our approach to the literature consider first
qg=1. Let

for some function a;. Note that, by virtue of (4.1), the term involving v; does not

introduce any bias. We have

on on on

8’01 (Z? 97 77)
on

v1(2;0,m) — a1 (z;0,n)

Take conditional expectations and exploit (4.1) to see that

Eg,, (8%(87’70’?7)‘)( = .r) =0

if and only if

Z; Z;
Eo,, <8u( 8;70’n> | X = a:) —aq(x;0,n) Eg,y (8111(6;]6,77) ‘ X = ) =0.

This is achieved by setting

ot (3 (22200 ) g, (PELDL L) g

Iterating expectations shows that the resulting function uj is Neyman-orthogonal to

order ¢ = 1. By the information matrix equality we have

0v1(Z;0,
Eo.,, (1(87777)| X = ZE) =~ (Ul(Z§ €777)2‘ X = :E) = — Dy (7;0,1),

and

ou(Z;0,
Ee,ﬁ <(a?7n)‘ X = iL’) = —Egm (Ul<Za 97 77)“(27 07 77)’ X = 33') = _Ewl’u(x; 97 77)7
leading to the representation of the function uj as in the theorem.

The above derivation of (4.3) is well-known. Furthermore, it does not hinge on
the likelihood structure. Indeed, recent work exploiting orthogonality, such as that

surveyed in Chernozhukov, Chetverikov, Demirer, Duflo, Hansen, Newey, and Robins
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(2018), does so in the context of moment conditions. In our setup, as in Neyman’s
(1959) original work, the likelihood structure implies that a; is known up to the model
parameters 6 and 7 (conditional on the regressors). Outside of this framework, in
contrast, a; needs to be treated as an additional nuisance parameter. This is possible
because, as uj is linear in aq, it is automatically first-order Neyman-orthogonal to
it by virtue of (4.1). This logic, however, does not extend to higher order, as the
implied system of equations becomes inconsistent, so that no solution exists, as we

will see next.

Higher-order orthogonality. Let ¢ = 2, and again consider a linear transforma-

tion of u, now involving the leading two Bhattacharyya basis functions. This gives

(21 6,m) = u(z: 6,1) — ( az1(,1) ) ( vilz0,m) ) | (4.4)

a22<x; 9777 ’UQ(Z; 9777

Taking first-derivatives with respect to the nuisance parameter, and proceeding as in

the first-order case, gives

T V1450,
Eq (WW|X:$> _ [ anlx:6,n) By, (22500 X = ) :
i on az(z;0,m) Eevﬁ(%ﬁ‘){:@

Solving this equation for as; for given ags yields
az (z;0,m) = ar(z;0,m) — e1(w;0,m) aza(z;0,7), (4.5)

where a; is given by (4.3) and

-1
)= (20 (222200 ), (20200 )

The coefficient ¢; has the same form as ap, except that it features vy instead of w.

Moreover, plugging (4.5) back into (4.4) yields

uy(2:0,m) = ui(2:0,n) — axn(x;0,n)vs(2;0,n),
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where v3(z;0,1) = vo(2;0,n)—c1(x;0,1) v1(2;0,7n). Note that v is Neyman-orthogonal

to order 1, that is,

Eo,, (a@(;e’”) | X = m) — 0,
It follows that uj is Neyman-orthogonal to order 1 for any ag. We will now choose
as9 such that uj is Neyman-orthogonal to order 2.

Next, differentiating u3 with respect to n twice gives

O*us(z;0,m)  0%ui(z:0,n) d?v3(z;0,m)

8772 8772 — A2 (.’Ij, 97 77) 8772
2 . . *( a.
. 8 a228(j;27 97 77) ’U;(Z, 0’ 77) . 28(1'22(5;}97 77) 87)2(;;79, 77) )

Since v; has zero mean and is orthogonal to order 1, the terms involving the first and
second derivative of ayy drop out when taking expectations. It follows that u} in (4.4)
is Neyman-orthogonal to order 2 when one sets ag; to its expression in (4.5), and ass

to

2, %( 7. -1 2, x(r7.
a22(I;9;U):<E9,n<W‘X:$>> M(W‘sz)- (4.6)

Note that this construction amounts to solving a system of linear equations. The fact
that the solution in (4.5)—(4.6) coincides with the expression in Theorem 1 may then
again be verified by using Bartlett identities.

To appreciate the role of the likelihood structure in the above argument, suppose
that as; and ags are not known up to the parameters 6 and 7. Then they are additional
nuisance parameters and, thus, we require that all first- and second-order derivatives
with respect to (ag1, ase), and 1 be mean zero. The cross-derivatives between (as;, ag2)

and 7 are problematic, since having those to be mean zero would require

5, (aUI<§;]9,n>|X _ x) _0. B, (8@2(?7;79,77)|X _ x) o,

which is not generally the case.
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5 Examples

5.1 Panel data models

Consider an N x T panel data model with individual effects. Here, the likelihood
factors across the cross-sectional observations and the likelihood contribution of unit

7 takes the form

T
H f(Yij |Xij;0ani)'
j=1

The maximum-likelihood estimator is well-known to suffer from a bias that is O(T1);
see Hahn and Newey (2004) and Hahn and Kuersteiner (2011) for derivations of this
bias in static and dynamic models, respectively. Consider the estimation of €,. The
bias in the estimator comes from bias in the score stemming from estimation noise in
the fixed effects. Taking n; to be scalar for notational simplicity, and letting 7; be an

estimator of 7,9, an expansion of the (normalized) score®

~ 1 L dlo f(Yi1 X555 00, 0
u(Zz';@o,?%):TZ Il g@ 33 90,1

j=1

yields

— ou Zl,9 N N 102u ZZ,H N N
(2500, 1) =l )+ IS0 ) g T

+ op(|7 = miol®)-
Taking expectations and re-arranging shows that

,\ ou Zue 5 114 ,\
E(U(Zi; 6o, 772)) =Cov (Wﬂ% - ?7¢o>

au(Zi;H()”r/iO) ~
Ef ——————| E(n;, —n,
+ ( o, (M — Mi0)

1 32u ZZ,H , T ~ ~
+ §E < ( 87720 770)) E((7 — mi0)?) + o(E(|7: — mi0]*))-

5In this discussion we work with the score divided by T, to facilitate the comparison with the
panel data literature.
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If we set ), = 7;(0y) = argmax, ]T:1 log f(Y;j | Xij:00,m), the maximum-likelihood
estimator (MLE) given 6, then each one of these terms is O(T~1). If we use an
estimator 7; that is independent of the estimation sample, the first term disappears.
However, the remaining terms, which capture the nonlinearity bias and variance in
the estimator of 7, remain. Hahn and Newey (2004), Arellano and Hahn (2007),
and Dhaene and Jochmans (2015a,b) present estimators of these terms based on the
MLE that can be used to construct a bias-corrected estimator.

Lancaster (2002) and Woutersen (2002) integrate-out the fixed effects using a
uniform prior after orthogonalizing to order 1 to obtain an estimator with bias o(T~!);
Arellano (2003) presents an alternative derivation of the same result. First-order
Neyman-orthogonality, by itself, does not suffice as it does not handle the third term
in the expansion, that is, it does not properly correct for the noise in the estimated
fixed effects. Li, Lindsay and Waterman (2003), building on Waterman and Lindsay
(1996), show that their (second-order) projected score for 6, when evaluated at 7;(6),
is a first-order unbiased estimating equation for . Thus, here, a sample-splitting
procedure is not needed to achieve bias reduction. This is a consequence of the
(second- or higher-order) projected score being orthogonal to the influence function
of 7;(0). While interesting, it is not clear whether this property extends to higher-
order projections or to other parameters of interest, such as average marginal effects.

More generally, with 7; — ;0 = Op(T~"?), the score admits a higher-order expan-

sion of the form,

N By By B, _
E(u(Z;; ))=—4+ =4+ -+ = T 1
(u< 79 907 772)) T + T2 + + Tq + 0( )
for constants By, Bs, ..., By. The maximum-likelihood estimator has By # 0, in gen-

eral, and so requires that /7 — 0 to be asymptotically unbiased. The approaches to
bias correction mentioned above remove B; but not the remaining terms. Approaches
that estimate and subsequently remove all B,, 1 < p < ¢, to enable asymptotically
valid inference are given by Dhaene and Jochmans (2015a,b). Relatedly, an estimator
based on Neyman-orthogonalization, combined with a sample-splitting estimator that
uses preliminary estimators that satisfy ; — 1,0 = Op(T~"/?), renders the asymptotic
bias negligible provided N = o(T'%). The two approaches are not equivalent, however.
Removing By, ..., B, leaves a bias of order o(7~7), which permits asymptotically-

valid inference under the weaker requirement that N = o(T?~!). Our rate condition
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N = o(T9), which follows from Assumption 1(v) below, is more restrictive as soon
as ¢ > 2. In exchange, our approach does not require characterizing, estimating, or

removing the individual bias terms B,,.

Example: Neyman-Scott model (continued). Recall that the (un-normalized)

2

unit-specific score for 0% is given by (2.3). The leading two elements of the Bhat-

tacharyya basis for n; are

o o2

2
LY, —m r Yy —mi
’Ul(Y;;O'Q,ni):Z J 27]7 Uz(Yi;UQan) =——+ Z ’ 2 L :
=1

We apply Theorem 1. A small calculation yields A(o?,n;) = (0,1/2r)" and, after

re-arranging,

uy (Y 0%, m) =

1 < o1 (Vi —Y5)?

202 o2

—<T—1>>,

which does not depend on n;. Summing over the cross-sectional units gives the second-

order orthogonalized score equation for o2 as

ZU;(Y:“ 027 772) = 202

2
i—1 o

N N T Y .)?
: (Zi:l >R D 1>> =0,

which yields the degrees-of-freedom corrected estimator 62 in (2.11).
Another parameter of interest in this problem is = 1/ XV | h(n;), for h a known

function. This fits our framework, with

The ¢-th orthogonalized counterpart to u given by Theorem 1 is available in closed

form, as

w’(Yi; 0%, mi, i) = h(n;) — p+ 2‘1: JkT_glV(k)h( ) H, =1V =) (5.1)
q (3 ) 777,7 :u 771 :u P k‘ n 772 k ﬁo’ 9 .

where Hj, denotes the k-th Hermite polynomial.

Interestingly, (5.1) shows that, depending on the form of h, the variance of u;
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may converge or diverge as ¢ tends to infinity. Indeed, using a property of Hermite

polynomials, the variance is
V * Y 2 . I Qkak 1 (k)h 2
ar (uq( iy 05 Tis ,LL)) - kz::l g H [vn (771):| :

It is instructive to consider the following three cases: (1) when h(n;) is a polynomial
of order K the series is stationary for ¢ > K; (2) when h(n;) = exp(n;) the series
converges; (3) in contrast, when h(n;) = log(n;) the series diverges. In the first two
cases, using a large ¢ reduces bias without causing variance to diverge, while the
third case presents a sharp trade-off between reduced bias and exploding variance as

q increases.

5.2 Nonlinear network regression

Our next example is the nonlinear regression model with d > 1 outcomes,
Y; = TI’L(,XV27 00, 7710) + 0'()(27 9())51" Ei | X ~iid N(O, ]d), (52)

where m(z;0,n;) is a d x 1 vector, o(z;0) is a d x d diagonal matrix, and m and o are
known functions. We will show below that our CES production function example, in
logarithms, fits into this framework.

For this model there are no analytical solutions for the orthogonalized estima-
tors. We thus proceed numerically. To construct Neyman-orthogonal moment func-
tions according to Theorem 1 we need to compute X, v, (:6,7), Xuw,u(2; 0,7, 1), and
by(z; 0,1, ), which involve higher-order derivatives of the conditional likelihood. To
compute these derivatives, it is convenient to introduce the operator VI that collects

all derivatives with respect to the d-vector m up to order gq. By the chain rule,
Vi l(y | z;0,n:) = M(z,0,n:,) Vi L(y | 2;0,m:),

where the matrix M has an analytical expression given by the multivariate Faa di

Bruno formula (Constantine and Savits, 1996). Given the matrix M it is easy to
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compute Xy, Yw,u, and by. For example,

quwq (‘7:7 67 Th)

VY| Xi30,m;) VY| X5 0,m:) T
0(Yi| X3 0,m;) 0(Y; | X5;0,m;)

= M(l’, 97 771) Eg’m (

Xi = ,’L‘) M(%,e,’fh‘)—r,

where the expectation on the right-hand side can be readily computed by relying
on formulas for moments of Hermite polynomials. We relegate further details to
Appendix D. In the next section we present simulations and an empirical application

based on a version of (5.2) designed to study team production.

Example: CES production function (continued). Consider the team produc-

tion model
NRT =
1 SJ S5 1015 oo(S; .o
Y; = Bo(s;) <s~ WZ?](TJ))()> 5j°( 7 log g; | K ~1iid N (0,1), (5.3)
J r=1
where s; is the size of team j = 1,...,n, (k(j,1),...,k(j,s;)) are the s; workers in

team j, and the set K = {(k(j,1),...,k(j,s;)) : j = 1,...,n} collects the workers
in all teams. Model (5.3) generalizes Model (2.4) by allowing for teams of varying
sizes. Here we focus on teams of size 1 and 2, as in our application, and impose the
normalization Jy(1) = 1. For simplicity we will denote 8y = (p(2) and 7o = Yo(2),
which are the team size and substitution parameters, respectively, in teams of size 2.

We now explain how (5.3) can be written as a special case of (5.2), for a suitable
choice of subsets of observations. To any team j of size 2 involving workers k£ and £/,
we associate a team ji(7) of size 1 only involving worker k, and a team j5(j) of size 1
only involving worker k’. This construction results in N subsets of three teams each.

We then write the outcomes for these three teams, in logarithms, as

1 Moo + 77223 2)0
logY; = log By + - log ’ 5 ’ + 00(2) log e, (5.4)
0
log Y}, jy = 10g k(s 170 + 00(1) log e, ) (5.5)

log Y, (j) = 10g k(210 + 00(1) log ej(5), (5.6)

which takes the same form as (5.2), for d = 3, 6y = (Bo,70,02(1),02(2))", V; the
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vector of the three outcomes in (5.4)-(5.6) for subset ¢, and 7;p the 2 x 1 vector of

worker-specific effects in the corresponding teams.

Remark 1. (Implementation in other models) In models with discrete outcomes Y,
one can express the matrices that feature in the expression for A(x; 6,7, ) in Theorem
1 in closed form, as sums over the support of Y. In models with continuous outcomes,
one can proceed by simulation as follows, in the spirit of the “reparameterization
trick” (Kingma and Welling, 2014). Write Y = ¢(X,U;0,n) where U | X ~ Fy (for
example, a standard multivariate Gaussian). Let U® s =1,..5, beiid. draws
from Fyr, and let Y = g(2,U®):0, 1) and Z®®) = (Y®) 2). Assuming that g is a

smooth function of 17 one can construct the simulation-based counterpart

-1

A(x;0,m, ) (qu (290, n)wy(Z (8);9,?7)T>

s=1

S
x [quw;e, Yu(Z);0,m, )" qu (9(x, U 0,m),250,n, M)T]-
s=1

When focusing on 6, instead of pp, one can rely on the simpler expression

-1 g

Al;0,m, 1) (Z w, (26 n)wq(Z(s);Q,n)T> > w, (2950, m)u(Z:0,m)",
s=1 s=1

and u; can be obtained by regressing u(Z9;0,n) onwy(Z®);0,n). We leave the study

of the impact of a finite number S of draws on inference about g and 6, to future

work.

6 Application to team production

6.1 Model, data, and implementation

We wish to estimate the parameters of the team production model in (5.4)—(5.6). We
will be especially interested in estimating the substitution parameter ~, which drives
the nature of complementarities in teams of size 2, and the team size parameter [,
which reflects the premium (or penalty) associated with working together relative to
working alone. In addition to estimating production-function parameters, we will also

report estimates of a counterfactual random re-allocation of workers to teams. Under
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random assignment, average output in teams of size 2 can be written as

1

Ed(y) m(nj_l) R S O + )] e (5032)) . 6)
where ns denotes the number of authors in teams of size 2. As this quantity is an
average over the worker fixed effects, it can be orthogonalized with respect to them
using our approach.

Ahmadpoor and Jones (2019) consider model (5.3) without the error term ¢;.
Here our goal is to address the statistical challenge caused by the presence of a
large number of possibly imprecisely estimated fixed effects. An alternative would be
to specify a distribution for author heterogeneity conditional on the team network
(i.e., for all the 7;0’s conditional on K), as in Bonhomme (2021). An advantage of
such a procedure is that, under correct specification, estimates are consistent even
in poorly connected networks. This random-effect approach requires, however, to
model how authors sort and collaborate in teams. Our approach avoids the need to
do so. On the other hand, a fixed-effect approach requires that the author effects
can be consistently estimated. In less well-connected networks, the convergence rate
will be slower. Orthogonalization to a higher-order allows us to reduce the impact of
estimation noise.

We look at the production of academic work in economics. We use data from
Ductor, Fafchamps, Goyal and Van der Leij (2014), drawn from the EconLit database.
These data contain a large collection of articles, indicated by their 1D, together with
author identifiers and a measure of journal quality proposed by Kodrzycki and Yu
(2006). This measure is a ranking between 0 and 100, which we net of multiplicative
time effects and will use as our outcome variable. In order to mitigate the variation
in author fixed effects over time while ensuring sufficiently many collaborations, we
restrict the sample to articles published between 1990 and 1999, written either alone
or with a single co-author.® We only include authors who produced at least two
sole-authored articles during the sampling period.

Our sample contains 91,626 articles, 10% of which are co-authored, and 16,408 au-

thors. Average journal quality differs greatly across authors, with the 10th percentile

6We have also estimated the model on the entire sample, which ranges from 1970 to 1999. While
the estimates of the substitution parameter differ somewhat in this larger sample, they are also less
stable due to the fact that connectivity is lower. The estimates of the other parameters are similar
to the ones on the 1990-1999 subsample.
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of the quality measure being 0.4, the median being 0.9, and the 90th percentile being
8.5. The between-author variance in journal quality is 42% of the overall variance.
The distribution of journal quality, in turn, is skewed to the right, with a median of
0.6, a 90th percentile of 12, and a 99th percentile of 52. The number of publications
per author varies substantially, with a 10th percentile of 2, a median of 4, and a 90th
percentile of 13.

To implement our approach, we construct subsets of three papers, one co-authored
(7) and two sole-authored (j1(j), j2(j)), as described in (5.4)—(5.6). The score for ¢
based on subset i then involves the three teams j, j;(j), and ja(j). Proceeding in
this way is helpful as it limits the dimension of the parameter 7; to two. This is not
only in line with the assumptions we make in deriving asymptotics, but also helpful in
terms of computation. Moreover, it reduces the number of derivatives that need to be
computed. The number of derivatives nevertheless remains substantial, as we need to
compute 9 derivatives at order 2, 19 at order 3, and 55 at order 5, for example; these
are the derivatives with respect to the three-dimensional mean vector m in (5.2), from
which the derivatives with respect to 7; are obtained by the chain rule. Yet, using
the computational remarks from Subsection 5.2, this remains practical.

Finally, we exploit the network structure of the data to perform our sample split-
ting. For every worker, we construct a preliminary estimator of her fixed effect (in
logs) as the average quality of her single-authored papers, except for one that we se-
lect at random and use later in estimation. This strategy is feasible due to our sample
restriction. For each subset i of three teams, we then stack the two worker fixed ef-
fects together to form our preliminary estimate 7);. We next estimate the parameters
Bo,v0,04(1),02(2) on the sample from which all these single-authored articles have
been removed. In the present case, @ in (3.4) has four components that correspond
to the score with respect to all the parameters, and the weight matrix W is irrelevant
since the problem is just-identified. In order to limit the variability due to the choice
of split, we average parameter estimates across 100 random splits, through cross-
fitting. The bias in the parameter estimates takes a complex form due to the team
network environment. In Appendix E we assess the ability of our orthogonalization

approach to alleviate this bias in a Monte Carlo simulation.
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Table 1: Estimation results

| Substitution v Team size 3 Variance 62(2) Variance (1) | Diagnostic |

Plug-in 0.1267 1.2893 1.6232 1.6395 -
(0.0386) (0.0222) (0.0218) (0.0274)
g=1 —1.7279 1.3238 1.6775 1.7330 592.66
(0.1758) (0.0267) (0.0255) (0.0247)
q= 0.7673 1.2956 1.4339 1.4683 195.77
(0.1939) (0.0305) (0.0241) (0.0262)
q= 0.4701 1.2845 1.4399 1.4407 176.48
(0.1941) (0.0307) (0.0238) (0.0259)
=4 0.4176 1.2838 1.4348 1.4214 50.769
(0.1873) (0.0309) (0.0239) (0.0253)
q= 0.4143 1.2836 1.4327 1.4180 43.710
(0.1798) (0.0309) (0.0239) (0.0244)
q= 0.4144 1.2836 1.4315 1.4165 -
(0.1798) (0.0310) (0.0239) (0.0244)

Notes: Point estimates based on q-ordered orthogonalized estimators, cross-fitted estimates (100

splits). Robust parametric bootstrap standard errors in parentheses (200 replications). In the last
column we report the diagnostic for the orthogonality order q (see Appendix C, bootstrapped with
200 replications), which is asymptotically x*(4) if bias at order q is statistically negligible.

6.2 Empirical estimates

Table 1 shows the estimates of 5y, 79, 02(2), and 02(1) for various estimators. These
are the plug-in estimator based on the preliminary estimates 7); and six estimators
based on Neyman-orthogonalized moments, for 1 < ¢ < 6. In addition to point
estimates, we report robust standard errors based on the parametric bootstrap.”
Starting with the substitution parameter v, the uncorrected estimate is 0.13, which
is close to the Cobb-Douglas case. The value of the first-order Neyman-orthogonalized
estimate is quite different. However, since the preliminary estimates of the author
fixed effects are based on very few observations, we do not expect this estimator to
adequately correct for bias. This is confirmed by the fact that all other Neyman-
orthogonalized estimates, for ¢ € {2,...,6}, range between 0.41 and 0.77, which is
higher than the plug-in estimate, and very different from the first-order orthogonal-

"Bootstrap replications are based on Neyman-orthogonalized estimates of By, 70, 02(2), and
o2(1) to order ¢ = 6, together with the sample-split estimates 7); of author effects. Within each
bootstrap replication, we cross-fit the estimates 10 times. Results are based on 200 bootstrap
replications. We report robust estimates of bootstrap standard deviations, obtained as interdecile
ranges of bootstrap draws divided by 2071(0.90) = 2.5631 (Machado and Parente, 2005). While
using robust estimates has little impact on standard errors of parameter estimates in Table 1, this
deals with the presence of a few influential bootstrap draws in the calculation of re-allocation effects
in Table 2.
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ized estimate. Relative to the plug-in, the orthogonalized estimates with ¢ > 2 all
indicate somewhat less complementarity between authors in team production. Notice
the stability of estimates for larger values of ¢q. A substitution parameter v = 0.4 cor-
responds to a production function that is supermodular in worker inputs; see Figure
2 in Appendix G for a graphical illustration.

Turning to the other parameters, the estimates of the team size parameter § are
virtually unaffected by the orthogonalization. This suggests the bias is limited for
this parameter. Its value is close to 1.3, implying that producing a paper with a
co-author increases the paper’s quality to some extent. Next, the log-error variance
02(2) in teams of two co-authors is larger when using plug-in estimates (1.6) than
when using orthogonalization with ¢ > 2 (1.4), suggesting that the plug-in and first-
order corrected estimates are biased upward. Lastly, the variance 0(1) in teams of a
single author is also larger under the plug-in estimator.

An interesting feature of Table 1 is that point-estimates and standard errors ap-
pear to converge as ¢ increases. This suggests the absence of a sharp bias-variance
trade-off as a function of q. As we have seen in the case of the Neyman-Scott exam-
ple in Subsection 5.1, this phenomenon is specific to the model and target parameter
of interest, and the variance may converge or diverge as ¢ grows depending on the
context.

One potential explanation for convergence in the present setting is that Model
(5.3) implies some non-trivial restrictions on the parameters v, 8,0%(1),0?(2) that
do not depend on the author-specific effects 7;, as we show in Appendix F. Moment
functions that are independent of 1 are common in panel data settings, obtained e.g.
by differencing, quasi-differencing, or functional differencing. In some models, such
as models with discrete outcomes, such functions may not exist. In Appendix F we
exploit two types of restrictions as robustness checks. Our findings suggest that, while
those restrictions seem broadly consistent with the higher-order orthogonal estimates
reported in Table 1, using them directly for estimation may lead to very imprecise
estimates. In contrast, Table 1 suggests that higher-order Neyman-orthogonality may
be a successful approach to approximate such functions in settings where those exist.

In the last column of Table 1 we report our diagnostic statistic for the orthogo-

nality order ¢, described in Appendix C.® A value larger than the 95-th quantile of

8The statistic in Appendix C depends on a variance matrix estimate ‘7, which we compute based
on the parametric bootstrap, cross-fitted 10 times (200 replications).
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Table 2: Empirical estimates: average output

’ H Average output Counterfactual ‘

Plug-in 8.4434 7.2045
(0.2038) (0.1676)

q= 6.8298 5.4310
(0.5122) (0.4260)

q= 9.0894 8.6759
(0.5482) (0.7684)

q=3 6.1291 5.5553
(0.3778) (0.3692)

q= 7.4412 6.6691
(0.3931) (0.4407)

q= 6.9758 6.2593
(0.2380) (0.2985)

q= 7.1168 6.3805
(0.2614) (0.3332)

Notes: Average output (the value in the data among co-authored articles is 6.9995, robust standard
error 0.2231), and counterfactual average output in a random allocation. Point estimates based on
orthogonalized estimators to order q, cross-fitted estimates (100 splits). Robust parametric

bootstrap standard errors in parentheses (200 replications).

the x%(4) distribution (9.488) should be interpreted as evidence that the order-¢g and
order-(¢q + 1) orthogonal moments differ. The values of the statistic reported in the
table suggest that biases remain statistically detectable even at ¢ = 5. This is likely
due to the large sample size, since point estimates are economically similar between
q=4and q = 6.

Lastly, we report estimates of average journal quality in a counterfactual scenario
where authors are randomly assigned across teams of two co-authors, see (6.1). The
first column in Table 2 shows estimates of the average output in the empirical alloca-
tion. This quantity can be estimated without bias as the sample mean of the journal
quality variable among co-authored articles, which is equal to 7.0. We see that the
plug-in estimate is 8.4, larger than the empirical value. In comparison, Neyman-
orthogonalized estimates for ¢ > 3 range between 6.1 and 7.4, and estimates for ¢ = 5
and ¢ = 6 are closest to the empirical value. The second column in Table 2 shows
estimates of average article quality under random assignment of authors to teams,
using the plug-in method and Neyman-orthogonalized estimates to order ¢ > 1.7 The
estimates vary with the order of orthogonalization. When taking ¢ > 4, estimates

range between 6.2 and 6.7. In addition, comparing the two columns of Table 2 shows

9To speed up computation, we approximate (6.1) using a random subset of 5000 pairs of authors,
for each random sample split (and each bootstrap replication).
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that, irrespective of the order of orthogonalization, the estimates of average output
are lower in the counterfactual scenario where workers are randomly allocated across
teams.

The main takeaway from Table 2 is that randomly allocating authors among teams
would tend to lower average paper quality. This is due to two economic forces. The
first one is complementarity in production, as reflected by estimates of + lower than
1. The second force is positive sorting. Indeed, the preliminary estimates of worker
fixed effects are positively correlated within teams in the data. In the presence of
complementarity, decreasing assortative matching leads to lower output, which is
what we find in Table 2.

7 Asymptotic properties

In this section, we show that, under higher-order orthogonality, the estimators 6 and
i introduced in Subsection 3.2 are y/n-consistent and asymptotically normal under
appropriate assumptions, even if the convergence rate of 7; is slower than /n. We
focus on deriving the asymptotic distribution of fi, assuming that we have already
worked out the corresponding asymptotic result of 6. However, the corresponding
theory for 6 is actually a special case of our results for i1, where 6 is dropped from
the arguments, p is replaced by 6, and w is replaced by w. Thus, our focus on [ is

without loss of generality.

7.1 Notation

For the presentation of the asymptotic theory, it is useful to be explicit about which
parameters depend on the sample size and which ones do not. Recall that n is the total
number of observations in (71, ..., Zy), where each Z; comprises n; observations. In
the asymptotic sequence, we let N and n; depend on n, although we do not explicitly
indicate this dependence. For example, in a panel data model, our assumptions allow
both N and T to grow as the number NT' of observations tends to infinity.

To indicate the dependence on the sample size, we will write 7,, and pu, instead of
n and p in this section. While the dimension of p is not changing with n, the true
parameter /i, is implicitly defined as the solution of 3 Ego,m0.0 (W(Zi5 00, Mo,y 1)) =

0, which may depend on n. By contrast, the parameter # and its true value 6y are
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independent of n.

Remember also that n = SN, n;, and note that if the observations within each
unit 7 are independent, then we have £(y; | 40, mn:) = [152, £(yij | 7455 0, 7n,:). Hence,
in the case of the score for 0,

g

U<sz 97 77n,1> = Z

Jj=1

dlog E(yij | Tij; 0, 77n,z‘)
00 .

More generally, whenever n; — 0o we expect that u scales linearly with n;, explaining
the scaling of w(Z;;60,1m,,) and of various other terms in Assumption 1 below.

Finally, in what follows, D" denotes the derivative operator with respect to 7, ,
and K, ,,; = {m € Ndm0wi) . 1 < m, < ¢}

7.2 A useful lemma

With this notation in hand, we now state our first assumption.
Assumption 1.

(i) We have |L3°X W(Z“gIW] w {ﬁ SN w(Zi; 0, T, ﬁn)} = op(1), for some

non-random symmetric positive definite weight matriz W'.

(i) Asn — oo, (QA, Tns, i) @8 contained in a convex neighborhood By, of (6o, M0 .1, fton)-
Let B,,; be the convex neighborhood of (6o, 1Mo n.is fo.n) 0btained by intersecting B,

with the parameter subspace for observation i.
(117) max; dim(n,;) = O(1).

(iv) For every i, the function u(Z;, 8,1, 1) is (¢ + 1) times continuously differen-
tiable in the parameters (6,m,,, 1), and we assume that for all its components
all the partial derivatives of u(Z;;0,mn, 1) up to order (¢ + 1) are bounded
in absolute value by n;C,(Z;) > 0, uniformly in the neighborhood B, ;, such
that 2N nE[C,i(Z;)% = O(1). In addition, for all m € Ky,; we have
E[HD%ZM(Z&eo,no,n,i,uo,n)HQ] < nlém for non-random C~’m > 0 such that
% Zz‘]\il ”zé?” = 0(1).

(v) fin = pron = 0p(1) and LN, niE ([ — ol ") = o(n 1)
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(vi) 0 =0+ 1 LS N i+ op(nTV2), where by, ; is a function of Z; with E(¢y,;) = 0
and gzizlE(Hw,iH ) =0(1).

(vii) The probability limits

1 N 8 Zle n.i n 1 N 8 Zz 9 n,% n
Guzplim—z u(Zi; (5772, s Mo, )7 Gy = plim ~ Z u(Zi; 00, Mo,nis M)
- 7

n—oo 1 i—1 89T

ezist, and rank(G),) = dim(pu).

Part (i) in Assumption 1 is satisfied if fi,, is computed using GMM, see (3.3).
In Part (ii), the neighborhood B,, depends on the sample size n, partly because the
number of nuisance parameters of 7,; generally depends on n. Part (iii) assumes
that the maximal dimension of 7, ; is bounded as n — oo. Part (iv) requires the
derivatives of the moment functions (properly rescaled) to be suitably bounded. Its
second requirement bounds the second moment of those derivatives by n;, rather than
by n? as the first bound would deliver. Under Assumption 2(4) these derivatives have
mean zero, so that their second moment is a variance; when u(Z;;-) is a sum over
the n; observations in Z;, as in our panel data and network examples, this variance
is of order n;. The first half of Part (v) is a high-level consistency assumption for fi,,
which can be justified by guaranteeing that the objective function in (3.3) converges
uniformly to a population counterpart that has a unique minimum at y. The second
half of Part (v) is the rate requirement on the preliminary estimates 7, ;, imposing a
rate faster than n="/2@*V_ Part (vi) requires 6 to be asymptotically linear, in particular
requiring 0 —6y = Op(n="/2). In the case where ton = B this condition is not needed.

Lastly, Part (vii) assumes existence of Jacobian matrices and a rank condition.

Lemma 1. Under Assumption 1 we have

\/ﬁ (ﬁn - NO,n)

_ 1 XN
—(G;WGH) {\/ﬁz Zz>607770n17,u0n)+G9¢n1:|+R }+0P(1)7
=1
where
R, = L pm w(z:0 7 "
TL—%Z %{ T]nz ( I3 077707”;,“/071)} (nn,i_no,n,i)

i=1 meKq,n,i
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7.3 Main result

We are now in position to establish the main result of this section, which concerns
root-n consistency and asymptotic normality of estimators based on orthogonal equa-

tions. For this, we first state our second assumption.
Assumption 2.

(i) The moment function u(Z;; 0, My, i) is Neyman-orthogonal to order q, and fur-
thermore S0 I (w(Zi; 00, Monis pom)) = 0.

(i1) Nni are independent of (Zy,...,Zy) for alli.
(iii) The Zi,...,Zn are independent across i.

(iv) &ni = w(Zi; 00, Momis ton) + Go b satisfies Lindeberg’s condition,'® and the

following probability limit exists:

1 N
Ve = plim - Z Var (&) .
n i=1

— 00

Part (¢) in Assumption 2 requires u to be Neyman-orthogonal in the sense of Def-
inition 1. Part (¢i) requires the preliminary estimates to be independent from the
estimation sample. With independent observations, this can be achieved by sample
splitting. Part (i7) imposes independence between the Z;’'s. We impose this as-
sumption to simplify the presentation. It is straightforward to modify the variance
expression in Theorem 2 below to account for particular forms of dependence (e.g.,
clustered) by using an appropriate expression for the matrix V¢ introduced in Part
(1v).

The following theorem provides an asymptotic characterization of fi,,.

Theorem 2. Let Assumptions 1 and 2 hold with the same value of ¢ € {1,2,3,...}.

Then we have

-1 -1
Vi (fin = pron) S N(0, (GLWG,)  GIWVWG, (G, WG,) ).
Formally (for scalar &, ;): for any € > 0, & Zi\; E [5,2“ - 1(|&n,i| > €sn)] — 0 as n — oo, where

s2 = Zf\;l Var(&, ;) and 1 is the indicator function. Whenever E(,, ;) # 0, the condition is imposed

on the centered variables &, ; —E(&,,;); note that ZZJ\LI E(&,:) = 0. When &, ; is a vector, we impose
this condition on AT, ; for every non-zero conformable vector A, and appeal to the Cramér-Wold
device.
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Note that, although we leave the dependence on ¢ implicit in Theorem 2, the
asymptotic variance does depend on the order of orthogonality ¢ that the moment
function satisfies. Note also that fi,, in the theorem is based on a single set of prelim-
inary estimates 7);. The variability caused by the use of a single sample split can be

mitigated through the use of cross-fitting, as we do in the application.

8 Final remarks

In this paper we show how to construct higher-order Neyman-orthogonal moment
functions in conditional-likelihood models. We use these functions, together with
sample splitting, to reduce bias in estimation. Our application suggests that our
higher-order corrections can be effective in network settings with fixed effects. An
area of application is to double/debiased machine learning with fixed effects, where
the nuisance parameters contain some components, such as low-dimensional func-
tions, for which first-order orthogonality may suffice. However, for such applications
it is important to extend the approach to non-likelihood models. As ¢ increases,
orthogonalization imposes growing demands on the likelihood structure — to achieve
first-order orthogonality it is sufficient for the score to have mean zero, while to
achieve second-order orthogonality our approach requires the information identity to
hold, for example. This reflects a trade-off between the robustness to nuisance param-
eters that our method achieves and robustness to model misspecification. In follow-up
work (Bonhomme, Jochmans, Newey and Weidner, 2026), we propose a construction
of orthogonal functions in semi-parametric models defined by moment conditions. In
the absence of a conditional-likelihood structure, our approach exploits independence

between observations to achieve higher-order orthogonality.
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APPENDIX

A  Proofs

A.1 Proof of Theorem 1

Before proving the theorem, it is useful to establish the following lemma, which we

prove in Appendix B.

Lemma 2. Let ¢ € {1,2,3,...}, and let x be some realization of the covariates.
Remember that Vi and w,(2;0,m) are vectors of dimension k, = Y1 d,, and that
Ywgw, (150,m) is a kg X kg matriz. We assume that Xy, ., (x;0,n) is invertible, and we
define

Wy(2:0,m) = Zyw, (20, n) " wy(2;0,n).

Then,
Ty O 0 - 0
0 +I, 0 - 0
Eo, (V)T B(Z:0 )X =a]=| 0 0 —lg - 0 . (A1)
0 0 0 - (=1)I,

where the diagonal k, X k, matriz on the right hand side is obtained by stacking
(=1)P Ly, on the diagonal forp =1,...,q, and lg, is the identity matriz of dimensions

d,.

-
Proof of Theorem 1. Define c,(x;0,n,u) = {quu(x;e,n,,u) — by(z; 9,77,;;)} . In
the proof of Lemma 2 in Appendix B we introduce the notation w;"(z;0,n), m € Cq,
for the elements of the kg-vector wy(z;60,n). Analogously, we now use c;*(z; 0,7, it) to

denote the columns of the (dim u) x k,-matrix cq(x; 60,7, 1), that is, ¢ (z; 0, n, 1) is a
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(dim u)-vector for every m € C,. We have

Dytl(y | x;0,m)
((y|x;0,n)
= /[Dﬂ(yw; 0,m]u(z;0,m, u)dy — D' /ﬁ(y\x;ﬁ,n) u(z;0,n, p)dy

== X [y dy w6, Dy u(z:0,m, 10)dy, (A.2)
SC{Lywosml}

C?(x;07naﬂ):::E9m U(Zaeanaﬂ)

X = x} — Dy Egp(u(Z;0,m, 1)| X = x)

where z = (y,x) and in the last step we applied the product rule for differentiation
as in (B.3) below, but the term for S = {1,...,|m|} cancels with the term that
stems from X, ,(x; 6,7, ), which explains why we only sum over subsets S that are
different from {1,...,|m|}.

Next, by the definition of u} and A(x;0,n, 1), we have

un(z:0,m, 1) = u(z;0,n, ) — A(z; 0,1, 1) "wy(z;6,7)
T ~
= (20,7, 1) = | Sugu(: 0,7, 1) = bg(;0,m, )| @y(2:6,7)
= u(z;0,m, 1) — > co(x;0,m, 1) W, (26,n).

veCy

Let m € C,. Applying the operator D] to the last equation and again using the

product rule for differentiation in the same way as before, we find

Dyuy(z0,m,1) = Dyu(z; 0,m, ) — > >0 (DS ciw; 0,m, )] [ Dy @ (230,m)] -
SC{1,...,Jm|} vECq

Applying the conditional expectation operator to this and using Lemma 2 we obtain
By, | Djuy(Z; H,U,M)’X = 1]
= By, [DJu(Z;0,0, )| X =

— Z Z {D;"*S co(w;0,m, ,u)} Eog,,, {D;”S w,(Z;0, n)’X = x}

Sg{l 7777 ‘m‘}UECq

=(=1)51 1{ms=v}

= Bo [DJu(Z;0,m,p)|X = 2] - @ {Z | }(_1)ISI (D=5 s (2:.0,m, )]
#SC{1,..., m

where in the last step we used that for S = ) the indicator 1 {mg = v} is always zero

(because v € C, never has length zero), but for S # () there is always exactly one
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v € C, that satisfies mg = v, that is, in that second case we just remove the sum over
v and replace v by mg throughout. Next, plugging in the expression for ¢ (z; 0,7, 1)

in equation (A.2) above we find

Eo,, [D;”u;(Z; 0,n, ,u)‘X = x}
=Ky, [Dnmu(Z; 0, n,u)‘X = x}

+ Y (-y¥Dpes (Z/[DZ;”T Uy | 2;60,m)][Dy "\ u(z; 9,n,u)]dy>-

0£SC{L,....|m[} TCS

By again using the product rule for differentiation to apply D}'=5 to the product in
the last term, we obtain
Ea,n [DZRUZ(Z, 97 UR ﬂ)‘X = .1':|
= [ty :0,0) [Dj'u(z: 0., )] dy
D DR CS VDI /[DZ;”RUT Uy |5 0,m)][Dy 7 (20,1, 1)) dy,

OASC{L,....|m|} TCS RC—S

(A.3)

where we write —S for the set {1,...,|m|}\ S. All the terms on the right hand side
of the last display equation are of the form [[D;* £(y | z;6,n)][Dy'=4 u(z; 0,7, p)]dy,

for some A C {1,...,|m|}, and we can therefore write
o [Dyus(Z:0,m,m)|X =2| = > ka4 /[DZ”A CQy | ;. 0, m)][D = u(z; 0, n, p)]dy,
ATl ml}
(A4)
with

ra=1{A=0}+ Y (DY Y {RuT =4}

OASC{L,....|m|} TCS RC—8

Here, the indicator 1{A = @} accounts for the term [ £(y|z;0,n)[D; u(2; 0,1, 1)ldy
in (A.3), while the second term in k4 counts the contributions from the triple sum.
Our goal is to show that k4 = 0 for all A C {1,...,|m|}. We analyze two cases

separately:

o Case 1: For A = (), we note that RUT = () implies R = T = (). Thus, the
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indicator 1{RUT = 0} is non-zero only when R = () and T' = (), implying that

RS RN SERNC LD DI VL

0£SC{L e lml} SC{1,|ml}

where in the second step we used that 1 = (—1)! to include that term into the
sum over .S, and the final step is the alternating sum result that is also used in

the proof of Lemma 2.

o Case 2: Next, consider A # (). For given A and S, we have

> N 1{RUT=A}= L 54 (A.5)

TCS RC—8 0 if SCA.

If S Z A (ie. not S C A), then (A.5) holds because a solution to the conditions
RUT =A, T C S, RC —S exists and is uniquely given by 7' = AN S and
R = AN (-S). Uniqueness of the pair (T, R) implies that > 7cg > pc_g I{R U
T = A} = 1 in that case. However, if S C A then no solution for the pair (T, R)
exists (because T'= A NS implies T' = S in that case, which contradicts the
condition 7" C §), implying that the expression in (A.5) is indeed zero then.
Using (A.5) we now find that

RaA = Z (—1)|S|

0£SCHL,.../m|}
SZA

D ICEED S Ik

0£SC{L,....|ml} 0#£SCA
= ¥ - <—1>@'] - [Z(—DS - <—1>@']
SC{1,..../m|} 5CA

=[0-1-[0-1=0.

We have thus shown that k4 = 0 for all A C {1,...,|m|}. By (A.4) we thus have
Eog,, [D,Tu;(Z; 0,n, ,u)’X = :13} = 0, which can also be written as

Eop,, {Vg uy(Z;0,m, 1) ‘ X = a:} =0.
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Plugging in the true parameter values 6, and 7y we thus find
E [V% uy (25 00,10, 14) ‘ X = x} =0,
and by the law of iterated expectations also
E {V% u, (Z; 0o, no,u)} =0.

Remarkably, this result holds for any value of p.

A.2 Proof of Lemma 1

Let 7 := (0, ). We write ug;(7,n;) for up(Z;;6,m;, 1), the kth component of the
dim(u)-vector u(Z;; 0,m;, u). Furthermore, compared to the statement of the lemma
we drop all subscripts n in the following derivations. In particular, for K, ; we simply

write K, ;. By a mean-value expansion of 7; around 7; we obtain

1 . 1N
- Z Up,i(Zi; 0,7, 1) = n Z Ui (7, 7;)
i=1 i=1
1 N
- ﬁ ; Uk i (Ta 7720)
1Y 1 P R R .
t ;m;q o Dy ki (7 mi0) | (i = 1)
1 al 1 m ~ ~ ~ m
+ - Z Z e [Dm k(7 m)} (M — mi0)™
n i=1 meKqul,i\Kq,i m:

where m! = [],.(m,!), and 7); is some value between 7,y and 7;. Next, we perform a

mean-value expansion in 7 around 7y to obtain

1 Y ~ 1Y
o Zuk,i(zi;eﬁnﬁ) = n Zuk,i(TOaniO)

i=1 i=1

170 i
+ " ; [&Um(ﬂ), 771'0)] (T — 7o)

=[Gu(ii—10)+Go(0—00)], +or(||7=70]|)
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1, 1T 0’ 7 T
+ BY (T —10) { - [Wum(ﬂ 771‘0)] } (7 = 70)

ng
::Bl,k
c Iy o] (- )"
= — ; Wk,i\T0, T i — 1
ni:lmGinm! e AT TR
=n—1/2 R,, 1, the k’th component of R, defined in the lemma.
P15 s Llop Lomn)] 6o -0
- - ;o Uk \T 5 10 T =T i — T
NS mer,, M L " OT BT ol o
=:Ba
1 z 1 m ~ ~ ~ m
LD DI D d T A N R

.

=1 mEKqul_’i\Kq’i :

=:Bs i

where 7 and T are values between 7 and 75. Denote the dimensions of the parameters

¢ and p by dy and d,,, respectively. Our assumptions guarantee that

do +d,)* 1Y
’Bl,k‘ S (02H) H’T - 7'0“2 *anC(Zl)
iz
/2 1/2
do +d,)? 1Y BB )
<Ol e (L wic@F) (LX) =on (17 - nl),
=0p(1) =0(1)
_ 1Y 1, m
[Boal < (do + ) 17 = moll - -mC(Z) 3 —| (= )" |
=1 mG]Kq,Z‘ .

1/2
1

3

N 1/2 N )
;ni [C(Zi)F) ;;nl [ XK; | 771' (B — mio)™ q

< (do+dy) 7 =l (

= op (|7 = 7ll),
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1

1
[Bsl < — Zm Z) =m0
=1 meKg4+1,i\Kq,s
=0(1)
1N 1/2 1N 1/2
2 ~ 2 1 _

D (S mlcr) (S mln - wl) o)

=1 s

=0p(1) =op(n—1/2)

Here, in addition to our assumption we also used the Cauchy-Schwarz inequality. We

have thus shown that

1

N N
Zu(Zi; evﬁzvﬁ) = Gu(,u ) + G9 9 90 Z Zz; 90,771'0,#0) + nil/QRn
' =1

SRS
3\

+0p (I7 = 7ll?) + 0p (IF = 7oll) + 0p(n72).

Using our assumptions on the convergence of ji and 6 we thus have

= > ulZi 0,7, 1) = G [Vl — )| + op (14 [Vl — o))

1

n’L

Mz

[w(Z;; 00, M0, 110) + Gothi] + R + 0p(1).  (A.6)

1

By Assumption 1(i) we have

B

=1 I

] [ Z Zl,H My [ ] = op(1).
By using Assumption 1(iv) and (vii) we thus have G| W [ﬁ YN u(Z;; 0, ﬁl,ﬂ)} =
op(1), and plugging the approximation in (A.6) then gives

1 N

NGE
V(i — Mo)} + OP(l + H\/ﬁ(ﬁ - NO)H)

= (Gwa,)

N

+G,W { > [u(Zs; 00, mi0, 110) + Go 4] +Rn} +op(1).
=1

@
Il
—

§+-
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Since G, WG, is full rank, absorbing the op(|[y/n(fi — p10)||) term into G, WG, and
solving for \/n(fi — o) gives the statement of the lemma.

A.3 Proof of Theorem 2

We again drop all subscripts n in the derivations. Let & = wu(Z;; 0y, 1m0, pto) + Go;.

From Lemma 1, we have

V(i — o) = —(G,WG,)'\GW {\/1% Zj& + Rn} + op(1).

We will show that R,, = op(1) under our assumptions. First, by Assumption 2(i), the

moment function is Neyman-orthogonal to order ¢, which implies
E [D;:LU(Zi; 0o, Mo Mo)] =0

for all m € K,;. Therefore, R, is a sum of mean-zero terms. Next, by Assump-
tion 2(ii), (iii), the summands of R,, are uncorrelated across i (since, conditional on
(1, - - -, M), they are independent with zero conditional means), so that E[||R,|%] is
%Zf\il of their second moments. By the second-moment bound in Assumption 1(iv)

and Assumption 2(ii), the latter are bounded by a constant times nz@m Cn.i» Where
2(g+1)\ ==
Cnyi = (E i — Nio N )> o
2 ~
ﬁio)m) } < E\%i —nio
ficiently large, because Assumption 1(v) together with n; > 1 implies max; ¢,,; = o(1).

. Here we used that, by Lyapunov’s inequality, IE[((ﬁZ —

2|m)| ;
< ¢/ and that ¢} < ¢, for all 1 < |m| < g once n is suf-

n,.

Splitting n; = /n;\/n; and applying the Cauchy-Schwarz inequality as above,
LN LN \Y2 N 1/2
—> niCpicn; < | =Y C2, -y nich;|

20(1) zo(nfl/(Q‘Fl))

where the second factor follows from Jensen’s inequality applied to the concave map
x — 2@+ (note that ¢2; = (cft)?/(@D) together with L YN n; = 1, and As-

sumption 1(v). Hence E[||R,]|*] = o(1). By Chebyshev’s inequality we thus have
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R, = op(1). Thus, we have

Vi = ) = ~(GWG) 6w {56+ on()

By Assumption 2(ii), (iii), the terms ¢; are independent across i. Furthermore, by
Assumption 2(iv), they satisfy Lindeberg’s condition and have a well-defined variance
limit Ve. Therefore, by the Lindeberg-Feller Central Limit Theorem:

N
jﬁZ@- A0, V).
=1

The conclusion follows by the continuous mapping theorem, giving us

V(i = o) 5 N (0, (GLWG,) ' G W VW GG WG,) ™)
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SUPPLEMENT TO:
“A NEYMAN-ORTHOGONALIZATION APPROACH TO

THE INCIDENTAL PARAMETER PROBLEM
IN LIKELIHOOD MODELS”

Stéphane Bonhomme, Koen Jochmmans, and Martin Weidner

B Proof of Lemma 2

By taking derivatives of [ ¢(y|z;0,n)dy = 1 with respect to 1, we obtain

[198etylz;0.n))dy = 0,

which can also be written as Eg,[w,(Z;0,1)|X = 2] = 0. Since X, ., (X;0,7) does
not depend on Y we also have Eg,[w,(Z;0,n7)|X = z] = 0. Using this and the

definition of w, we obtain

]qu = quwq (xQ 0, 77)_1zwqwq (l‘; 0, 77)
= quwq (33; 97 n)_lEe,n[wq(Z; 97 U)wq(Z> 97 U)T‘X = QZ‘]
= EG:W[®Q<Z; 97 N)wq(Zv 67 U)T’X = l’]

= /@q(Z;H,n)[V%f(ylx; 0,n)]" dy. (B.1)

According to its definition in Subsection 3.1, the elements of the k,-vector operator
Vi are given by
P
Dy =———1—,
Oy - - O,
and are uniquely labeled by vectors of integers m = (my,...,m,) of length p €

{1,...,q} in the following set

Cqy = U {m=(m,...,mp):1<my <---<m, <d,}.

Analogously, we now introduce the notation w;"(z;6,7), m € Cy, to uniquely denote

the elements of the vector w,(z;6,n), which is also a vector of length k, = |C,|. With
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that notation, the result in display (B.1) can equivalently be written as
Vr,m € Cy /w;(z; 0,n) [Dy'l(y|z; 0,m)] dy = 1{r = m}. (B.2)
Since Ky, [w,(Z;0,1)| X = x] = 0, we also have
/@J(Z; 0.n) L(y|z;0,m) dy = 0.

For the empty vector () of length zero we have D%)E(y|x; 0,n) = L(y|z;0,n). Using
this notation we can combine the result in the last two displays to find that for all
r€C,and all v e C,U {()} we have

/@J(Z; 0,n) [Dyl(y|z;0,n)] dy = 1{r = v}.

For k € {1,2,3,...}, vector t = (t1,...,t) € C,, and a subset S C {1,...,k}, let tg
denote the vector formed by keeping only the indices in S, and let t_g = t{1 ks be
the vector of the remaining elements. Then, by applying Dfl to the last display and

using the product rule for differentiation we obtain

> 1Dk (50, 0)] (D Dyt(yles; 0, m)] dy = 0. (B.3)
SC{1,...k}

Of course, we have D;Dz = fo’”), and instead of distinguishing between ¢ and v we
can also just write m for (¢,v) combined. The last display equation then implies that
for any nonempty subset 7' C {1,2,...,|m|} we have (just set t = my and v = m_g
in the last display result—in doing so, it was important that above we allowed for v

to be the empty vector):

SXC:T/[DZ”S@J(Z; 0,n)] [Dy-$t(yla; 0,n)] dy = 0.

Now, consider the following linear combination of the result in the last display,

> =iy /[DZ?S@J(Z; 0.n)] (D=5 (y|z; 0,m)] dy = 0. (B.4)
TC{1.2,..../m|} SCr
T4
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For a fixed S C {1,2,...,|m|}, the total coefficient of the term [[D]"sw,]][D;*-5¢] dy

in this linear combination is given by

-1 if S=0,
S TP =dym s ={1,...,|m|} (B.5)

T:SCTC{1,..../m|}
T#0 0 otherwise.

To see that the result in the last display holds, notice first that for S = () the sum is
simply

oc{l, L mp-n)T =14 > ()T = -1,

T:0AT TC{1,....|m|}

=0

where Srcq (1) = D! (‘T‘)(—l)r = (1 — 1) =0 is a classic alternating
sum result, which holds for all |m| > 1. Next, for S = {1,...,|m|}, the left hand side
of (B.5) only sums over one element, T = {1,...,|m|}, and we thus get (—1)7! =
(=1)™l for the sum. Finally, if S # () and S # {1,...,|m|}, then the left hand side

of (B.5) can be written as

I I S D DI CVEE

T:SCTC{L,....|m|} RC—S RC—S

where we replaced the sum over T' by a sum over R such that T' = S U R, with
=S ={1,...,|m|}\ S, and in the final step we used the alternating sum result again.

Using (B.5), our linear combination in (B.4) equals

~ (1D (23 0,m) yla: 0,m) dy + (=1)™) [ @7 (250, m) Dy (ylos 0, m)] dy = O,

Together with (B.2) we thus find

1Dy (25 6,m) gl 0,m) dy = (=)™ 1 = m},

which in vector notation can be written as (A.1).
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C Order g of orthogonality

C.1 A diagnostic for ¢

Consider a moment function u(Z;; 0, n;, 1), and denote its g-orthogonal counterparts
based on Theorem 1 as u}(Z;; 0, m;, ), for ¢ = 1,2, .... Given some order g we propose

the following diagnostic:

H Zzyg 7717 ) u;—i—l(Zi;é\a ﬁzaﬁ)}

where 6 and f are based on (g + 1)-orthogonal functions, and V is a consistent

estimator of the variance

V= JLHC}OVar l Z n,, o) — u2+1<Zi3 H,Ui,ﬂ))l .
As a special case, suppose that one wishes to estimate 0, and u(Z;; 6, n;) does not
depend on u. Then, since 0 is based on uy,, that is uncorrelated with uj —uy, 4, a

consistent estimator of V is

-~

N
Z U;+1(Zi5 0, ﬁz))(u;(Z“ 0,m;) — u;+1(Zi§ 0, ﬁz))T

~

g1
n
More generally, a consistent estimator of V' is available using standard Taylor expan-
sions and Lemma 1. We provide an example in the case of the Neyman-Scott model
in the next subsection.

Under the conditions of Theorem 2, which in particular guarantee that the esti-
mates 7j; converge at a fast enough rate, S, converges in distribution to a y? random
variable, where r = dimw. In practice, we thus suggest comparing S, to the quantiles

of the x? distribution.

C.2 Illustration in the Neyman-Scott model

Consider the estimation of 1 = 1/n S¥ | h(n;) in the Neyman-Scott model introduced
in Subsection 2.1. Here we assume that 7" — the number of periods used in estimation

— is fixed as N tends to infinity, and consequently we use v/ N in order to scale all
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cross-sectional average quantities. Suppose first that o is known. By (5.1) we have

U;(Y;, 027 U /JJ) - u;+1(Y;7 027 i :u)

g 1 1 (Yis = mi)
—_ _O_q-&-lT—%l v(q+1)h O H, J=1\"y ’
((] + 1)| n (77 ) q+1 ﬁ(f

and
V= tim omreret_ L LS gy
N300 (¢+ 1IN = '

Hence, again treating o as known, the diagnostic is

S o\
s i (S22

Sq = +1)
(q+ VIS [V R(#)2

With ¢ unknown, we have, using ¢ in (2.11),

u;()/h 6-27 i, :u) - uZJrl(Y;J 6-27 i, M)

q+1 1 ZT— (Y; - 771)
— _gatlp— 5 7v(q+1)h O H, ( J=1\"1
(¢ +1)! ) Hon \ == 77

gt+1 1 ZT— (Y; - 771)
= —o™T V() H =Y
(q+1)! (1) o JVTo
1 . a— 1 T— }/z — 1 ~
* ﬁaq_lT_% (q— 1)IV57””h(m)Hq—1 < “\(/T]zf : )> &=,

for ¢ between o and &, where we have used the expression for the derivatives of
Hermite polynomials.

Hence, for ¢ > 2 we have

1

N

Mz

( ;(Y;; 62, Mis 1) — u;—i-l(Yi; &27 i M))

[

Il
= =

SIHIT —al 1
mz CESY]

T L m.
V(Q+1)h(nl)Hq+l <Z]:1\</};_7fjo- ?7@>> +0P(1),

and we rely on the diagnostic S, given by (C.1) even though o is estimated. Now, for
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q = 1 we have

1 XL (v A
ﬁz (Ul(YQ;UQaThaM) - u2(Y;;O'2’7h’lu)>

i=

o 1 ol 2 _11 2 ‘ ;F:1(Yz‘j—7h') 2_
__ﬁgaT 2v§7>h(m)(< N > 1)

TN > 57 Vi ) (N(Tl_l) > > (Y= Yi)' = 02) +op(1),

i'=1j=1

where we have used the expressions of Hy and 2. That is,

and we rely on

2
N w@)p(n S (Ye—m) ’ 1 N T (Y, =Y 2
Zi:l vn h(nl) VTo - N(T-1) Zi’:l Zj:l

2 [SI VPR + 5 (S VPh@)

Q)

S =

Remark 2. (sample splitting) When implementing the diagnostic in this example,
we use a small number 7" of time periods in estimation. Keeping T fixed — while at
the same time having 7; = 7; — is important for the theory in order to guarantee that
the impact of the estimation error in 7; does not affect the asymptotic distribution of
Sy In practice, one can cross-fit by taking multiple subsets of T" time periods (along

with different 7;’s) and average over them to reduce variability.
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D Implementation in nonlinear regression

D.1 Expression for M

Following Constantine and Savits (1996), consider a multivariate function
h(l’l,...,ﬂfd) = f [9(1) (‘Tla--wxd)?"'ag(m) (xlv"wxd)} )

hy = DZh (x°), fx = D} (v°), %) = Diig® (x°) g = (g, g{™). The Faa di

n
Bruno formula is (Theorem 2.1 in Constantine and Savits, 1996):
k;
hy= > fAZn: > (V')ﬁ['gd”kﬂ
1<pi<n s=ipwny =1 (k1) [45]

elements of M

where n = |v|, and
ps(V,A) = {(kl,...,ks;ﬁl,...,fs) . ‘kly > O,

0<E1<--~<£S,Zki:)\and Zlkl|£1:V}

i=1 i=1

D.2 Useful properties of the normal distribution

We first consider the univariate normal case.

Lemma 3. For m € R and 0 € (0,00), let Y ~ N(m,c?), with corresponding
likelthood function

fy|m.0) = = exo (—“"2‘;”)) |

Let j, k € {0,1,2,...}, and define

. 1 DY |m, o) 1 OFUY |'m, o)
ik = B [E(Y lm,o0)  (Om)i  UY|m,o)  (Om)* ] ’
[ [ 1 DY |m,o) Ologl(Y |m, o) ]
Pi=Bme |0V Tm, o) (Om)i o ‘
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Then,
|

. 2
; pj = H{J = 2}; :
Let ¢(y) = 5= exp (—y?/2) and P9 (y) = %. Hermite polynomials are defined
by hi(y) = (=1)7[p(y)]~* ¢ (y). The proof of Lemma 3 is given in Subsection D.4.

It crucially relies on the following orthogonality property of Hermite polynomials:

Kjk = ]1{] = k:}

2j

| i) ey o) dy = 1{j =k} 3t (D.1)

—0o0

The result in Lemma 3 is sufficient for our purposes, but more general results can be
derived.!*
Next, we consider a vector of independent normal variables with heteroscedastic

means and variances.

Lemma 4. Let d € {1,2,3,...}. Form € R? and o € (0,00)4, let X(o) be the d x d

diagonal matriz with diagonal entries o2, and let Y ~ N (m,%(c)). The corresponding

17

likelthood function reads

Uylm.o) =TT Uy |mi, 00), f(yilmi,al-):[ ! eXp<_(%—mi)>]_

2
i=1 2o 20;

Fi

Let j,k €{0,1,2,.. .}, 7* =% 4, k* = X% | ks, and define

- "
H(jak)::EW[ 1 oY |me) 1 8€(Y|m,0)1

(Y |m,o) TIE,(0my)di LY [m,o) 1L, (0m;)k
1 LY |m, o) dlog (Y | m, o)
(Vmo) Wa@my  om |

p(]a Z/) = Em,a’ [

"More generally, for ki, ko € {0,1,2,...} and j1, jo € {0,1}, let

1 O FI(Y |m, o) 1 OF2F320(Y | m, o)
Kky k2 g1,z -= Em ; :
(Y |m,o) (Om)k(dc)ir LY |m,o) (Om)k2(do)iz
/ oF1ti g(y | m,o) ak2+]2[(y | m, O')
|m o) (Om)F1(do)ir  (Om)*2(do)iz

One then finds

Ky ko i1 ojs = ]l{k:1 + 21 = ko + 2j2} (k1 + 2j1)! o~ [2(k1+251) — g1 —j2]

%)



where i € {1,...,d} in the last line. Then,

p if j; = 2, and all other entries of j are zero,

G =1{i=} [ el =

i=1

2
)

0 otherwise.

Lemma 4 is an immediate corollary of Lemma 3. Using the independence of the

components of Y we find

aj (y|m o) Haﬁ (yi | mi, 04)
4 (0my)i i (Omy)i

and
d
k) =11 #o-
i=1
Plugging in the result for ;) in Lemma 3 then gives the result for x(j, k) in Lemma 4.
Analogously for p(j,7).
D.3 Nonlinear regression with normal errors

Consider the model
Y =m(X;;0,n) + o(X;;0) U, U | X ~itdN(0,1), i=1,...,d,

where m(+;+,-) and o(-;-) are known functions, and 6 and 7 are unknown parameters.

Ignore @ for the moment and write

Let m = (my,...,my) and 0 = (01,...,04). The likelihood for y = (y1,...,yq) is
then given by
Uy m) =ty |mn), o),

where £(y | m, o) is given in Lemma 4. Let V? be the vector operator that collects all
unique derivatives with respect to n up to order p. Let VP be the vector operator
that collects all unique derivatives with respect to m up to order p. Then, there exists

a matrix valued function M (n), which only depends on 1 and on the function m(n),
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such that

VIEL(y|n) = M(n) Vh Ly |m(n),o). (D.2)

We want to calculate

[V{;E(YW} V%’,E(YM)T]
LY ) Y |n)

Lemma 4 gives us explicit expressions for all the components of

. [VW(Ylm,U) VW(Ylm,a)T]

(Y |m,0) (Y |m,o)

Using (D.2) we have

[V%(Yln) V%(YM)T]

LY n) o (Y n)

Vh LY [m(n),a) VALY [m(n),0)"
(Y |m(n),o) LY [m(n), o)

= M) By | | artar
Thus, by combining Lemma 4 with the multidimensional Faa di Bruno’s formula we

get explicit expressions for all the matrices we need.

D.4 Proof of Lemma 3

We already introduced ¢(y) = —&= exp (—4?/2) and oV (y) = %(jy) above. Let j,k €
{0,1,2,3,...}. The well-known orthogonality property of Hermite polynomials in
(D.1) can be rewritten as
= ¢ (y) oM (y) : .
L dy =13 =k¢ 7. D.3
Lm ¢(y) =) (D:5)

Another well-known property of Hermite polynomials is the recurrence relation hj 1 (y) =

yh;(y) — d%hj (y). Using this, it is easy to show that for j > k we have

/OO y oY (y) oM (y)

) dy=—1{j=k+1} ;. (D.4)
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Next, we have

y|m, o) = i(p (y - m) , Pllylm,o) _ (=1 ) (W) |

Using this we obtain

. :=Em,5[ 1 Y |mo) 1 ka(Y]m,a)]

(Y\ma) @Om)y (Y |m,0)  (Om)F

_/ Py |m,0) O*(y|m,o) ,
Uy | m,o)  (Om)J (Om)k

ot /_°;¢<: (52 02
- S I Py,
o ]l{j o k} 25’

where the second to last step employs a change of variables in the integral (=™  y),

and the last step uses (D.3). Similarly, for

== () - () (5,

one finds
_E 1 Y |m,o) dlogl(Y | m,o)
(Y |m J) (Om)J do
/ & ly|m,o) lly|m,o) ,
|m 7) (Om) oo Y

e () () ¢ () o ()] a

B (=1) [ yo (y) ¢@ (y)
=140 =2 0% Jooso ¢ (y) W
—1{j=2},
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where we again employed the same change of variables in the integration and also
used (D.3) and (D.4).

E Monte Carlo simulation

In this section of the appendix we report on the results of a Monte Carlo experiment.
We specify a CES model of team production with log-normal errors, where we take
the network structure (i.e., the set IC in (5.3)) as given from the empirical data. We
fix the true value of the substitution parameter to 79 = 1, the team size parameter
to By = 1, the log-error variance in teams of size 2 to 03(2) = 1, and the variance in
teams of size 1 to 02(1) = 1. This data generating process is designed to approximate
what we found on the empirical data.

We report results based on 300 simulations. In each simulated sample, we estimate
the parameters using plug-in method-of-moments and the Neyman-orthogonalized
method-of-moments estimates of degree ¢ = 1 to ¢ = 6. As we did in our empirical
study, we compute sample-split preliminary estimates of the author fixed-effects based
on all their sole-authored publications except for one, selected at random. However,
in the simulation exercise we do not cross-fit the estimators, and simply choose a
random selection of sole-authored publications for each author in each Monte Carlo
run.

In Tables 3 and 4 we show the median, mean, 2.5% quantile, and 97.5% quantile
of each estimate across simulations. Starting with the substitution parameter v, we
see that the plug-in estimator is severely biased, with median and mean biases of
-50% (expressed in proportion of the true value). For this parameter, all Neyman-
orthogonalized estimators are substantially less biased, with a median bias below 3%,
and below 1% for ¢ > 4. However, in some replications the orthogonalized estimates
tend to have large values, which is reflected in a somewhat larger mean bias, ranging
from 6% at ¢ = 2 down to 1.5% at ¢ = 5 and ¢ = 6, and quantile bands that are not
symmetric around the true value.

Turning next to the team size parameter 3, we see that both the plug-in and first-
order Neyman-orthogonalized estimators are biased, with a median and mean bias of
4%-6%. All orthogonalized estimates of order ¢ > 2 are virtually unbiased, both for
the mean and the median. Moreover, in this case the quantile bands are symmetric

around the true parameter value.
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Table 3: Monte Carlo simulation

| Substitution v (true value=1)

|

Median Mean 2.5%  97.5%

Plug-in || 0.5054 0.5089 0.4150 0.5966
g=1 0.9723 0.9864 0.7523 1.3259
q= 1.0310 1.0625 0.7787 1.5571
q= 1.0100 1.0408 0.7455 1.5795
q=14 0.9964 1.0227 0.7364 1.5556
q= 0.9898 1.0161 0.7363 1.4904
qg==06 0.9897 1.0154 0.7362 1.4904

| Team size 3 (true value=1) |

Median Mean 2.5% 97.5%

Plug-in || 1.0578 1.0595 1.0277 1.1003
g=1 1.0459 1.0466 0.9971 1.1038
q= 1.0029 1.0012 0.9299 1.0605
q= 1.0007 0.9979 0.9249 1.0577
q= 1.0013 0.9980 0.9226 1.0590
q= 1.0007 0.9983 0.9203 1.0566
qg==06 1.0007 0.9983 0.9214 1.0565

Notes: 300 simulations.
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Table 4: Monte Carlo simulation (continued)

| Variance 02(2) (true value=1)

|

Median Mean  2.5%  97.5%
Plug-in || 1.1623 1.1618 1.1284 1.1944
q= 1.1824  1.1825 1.1456 1.2228
q= 0.9964 0.9969 0.9615 1.0334
q= 1.0001 1.0009 0.9665 1.0366
q=4 0.9995 1.0006 0.9637 1.0373
q= 0.9993 1.0000 0.9639 1.0365
q= 0.9982 0.9996 0.9637 1.0374

| Variance (1) (true value=1) |
Median Mean  2.5%  97.5%
Plug-in | 1.3361 1.3368 1.2840 1.3856
g=1 1.2732  1.2723 1.2140 1.3299
q= 1.0158 1.0178 0.9478 1.0925
q= 1.0087 1.0119 0.9435 1.0842
=1 0.9996 1.0033 0.9335 1.0761
q= 0.9980 1.0002 0.9321 1.0731
q= 0.9976 0.9992 0.9272 1.0718

Notes: 300 simulations.

Shifting attention to the variance in teams of size 2, 0%(2), we see that both the
plug-in and first-order Neyman-orthogonalized estimators are severely biased, with a
median and mean bias of 16%-18%. All orthogonalized estimates of order ¢ > 2 are

virtually unbiased, both for the mean and the median, and the quantile bands are

centered around the true parameter value.

Lastly, turning to the variance in teams of size 1, 0%(1), the plug-in estimator
exhibits a large bias of 33%. First-order orthogonalization only decreases the bias
slightly, to 27%. In contrast, the Neyman-orthogonalized estimators continue to show

good performance. In particular, when ¢ > 4 the estimates are virtually unbiased,

and the quantile bands are symmetric around the true value.
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Figure 1: Comparing two estimates of (3,

1.28 - - Order 1

Parameter Beta (Model)
\

1.2 1.25 1.3 1.35 1.4
Parameter Beta

Notes: Estimate of By on the z-axis, model-based estimate of By based on the right-hand side of

(F.1) on the y-axis. Each point corresponds to an order of orthogonalization.

F Restrictions independent of individual effects

Model (5.3) implies restrictions on parameters g, 89, 0a(1), 02(2) that do not depend
on the author-specific effects 7,0.'2 As an example, the model implies the following

alternative expression for the team size parameter [y:

o= (G ﬂ) exp (rolod1) — 3021 (F.1)

where the expectation given s; = 1 is taken over the co-authors’ own sole-authored
articles, and (F.1) does not involve the fixed-effects n;0. Note that, if vy = 0 and
log-output is additive in worker inputs, then log 3y is simply the difference between
average log-outputs in teams of size 2 and 1, respectively. As a check, in Figure 1 we
report estimates of the left-hand side of (F.1), against the estimates of 3, shown in
Table 1, for various orders of orthogonalization. We see that the estimates of the two
sides of (F.1) tend to agree with each other well irrespective of the orthogonalization
order.

Model (5.3) also implies restrictions on vy alone. To see this, let us write (5.3),

12The analysis in this section was inspired by discussions with Bo Honoré.
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within teams of size 2 only, as

1

_ 70(2)
vt =54 (M50 + 720) €77,

which we write in vector form as
Y () = Afjo + €, (F.2)

where Y'(7) has elements Y;°, A is a matrix of zeros and ones,

1 1
ko = 550" 1y exp <27§0§(2)) 7

and
1

~ oo(2 1
€ = 2 i (77%,1)0 + 77%,2)0) [5;'/0 o exp (273‘73(2)” .

Since E[g; | A] = 0, (F.2) implies the conditional moment equalities
E[(1 = AADY (30) | 4] =0, (F3)

which only depend on 7.

To use (F.3) for estimation, we rely on a set of instruments. For this purpose, we
use interacted preliminary estimates Z; = fi(j,1)7k(j,2) for k(J, 1), k(J, 2) the co-authors
of 7. Since we assume the preliminary estimates are constructed from an independent

sample, we have

E[2Z'(I - AAT)Y (3)] = 0. (F.4)

Note these restrictions remain valid when ¢; are not Gaussian or not mutually in-
dependent, provided they are independent of A. We use GMM estimation based on
(F.4), that is,
FEMM — argmin | Z'(1 — AAT)Y (7). (F.5)
v

We implement this estimator in the same way we have implemented our Neyman-
orthogonalized equations. Specifically, we construct preliminary estimates of author
effects using all but one sole-authored paper for each author, where we select the
held-out sole-authored paper at random.

Using the same Monte Carlo simulation design as in Section E tends to give

noisy estimates. For example, when the true value is 79 = 1, and o¢(1) = 1/5 and
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00(2) = 1/5, we obtain a mean GMM estimate of 1.0218, a median estimate of 0.9725,
and a standard deviation of 0.2261 across 300 simulations. Moreover, out of the 300
simulations, in 24 cases we are unable to find another minimum in (F.5) other than
~v = 0 (which is always a minimum by construction). Note these findings correspond
to a model with error variances that are 25 times smaller than the variances we used
for our main simulation design in Section E. This suggests this estimation approach,
at least for this particular choice of instruments, is considerably less precise than our
likelihood-based approach.

Lastly, computing the GMM estimator on the empirical data, cross-fitting 100
times, we obtain #%MM = (.5807. This is of a comparable magnitude to the estimates
of v reported in Table 1, when using a sufficiently high order of orthogonalization.
However, it is worth noting that, out of the 100 random splits of the sole-authored
productions, in 5 cases we are unable to find another minimum in (F.5) other than

~v = 0, again reflecting the instability of this method in our setting.
G Estimated production function

Figure 2: Production function estimate

30

25

worker 1

Notes: Worker 1’s type 11 on the z-azis, average output Y; on the y-axis. Each curve corresponds

to a different worker 2’s type ny. Figure based on the point estimates for ¢ = 6 reported in Table 1.
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