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Abstract

This paper considers estimation of a directed network model in which outcomes are
driven by dyad-specific variables (such as measures of homophily) as well as unobserved
agent-specific parameters that capture degree heterogeneity. I develop a jackknife bias
correction to deal with the incidental parameters problem that arises from fixed effect
estimation of the model. In contrast to previous proposals, the jackknife approach
is easily adaptable to different models and allows for non-binary outcome variables.
Additionally, since the jackknife estimates all parameters in the model, including fixed
effects, it allows researchers to construct estimates of average effects and counterfactual
outcomes. I also show how the jackknife can be used to bias-correct fixed effect averages
over functions that depend on multiple nodes, e.g. triads or tetrads in the network.
As an example, I implement specification tests for dependence across dyads, such as
reciprocity or transitivity. Finally, I demonstrate the usefulness of the estimator in an

application to a gravity model for import/export relationships across countries.
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1 Introduction

Networks are common in both economic and social contexts, and it is important to under-
stand the factors that play a role in both the formation and strength of the links between
agents. The econometric analysis of networks faces a number of challenges that have received
much attention in recent literature (see de Paula (2020) and Graham (2020) for reviews of
this literature). One common modeling approach is to assume a dyadic network structure
(one in which decisions are made bilaterally between agents), but allow for linking decisions
to depend on unobserved agent-specific heterogeneity. These models are common in practice
since they are straightforward to implement while still being able to capture important as-
pects of observed networks. Controlling for agent-specific heterogeneity is important since in
many real world networks agents vary significantly in the number and strength of connections

made. Ignoring this heterogeneity can lead to large biases in estimated effects.

In this paper, we consider the estimation of dyadic models, where the presence of unob-
served heterogeneity is accounted for by two sets of agent-specific fixed effects — a sender
and a receiver effect. The fixed effects approach is appealing as it does not require strong
assumptions about the unobserved component as in random effects models. In addition, the
network setting does not suffer from the ‘fixed 7" issues of panel data, since we observe every
agent interacting with NV — 1 other agents in the network, so that fixed effect estimates are
consistent. However, the large number of fixed effects (proportional to the square root of
the sample size) does create an incidental parameter problem (Neyman and Scott, 1948).
This paper proposes a jackknife approach to bias correction, which has a number of benefits
over existing methods. Importantly, the jackknife is easily adaptable to a range of settings,
including models for non-binary outcome variables. Additionally, since the jackknife esti-
mates all of the parameters in the model, including the fixed effects, we are able to construct
estimates of average effects and counterfactual outcomes. We also show how the jackknife
can be used to bias correct averages over functions of multiple observations (e.g. dyads or
triads in the network), which we show is useful for constructing specification test statistics,

such as tests for the presence of certain strategic interactions like reciprocity or transitivity.

We demonstrate the consistency and asymptotic normality of the jackknife estimator under
asymptotic sequences in which a single network grows in size, while the network remains
‘dense’. The network model we consider is one in which agents make bilateral decisions
about link-specific outcomes, independently of other relationships. This type of dyadic

model (a dyad is a pair of agents) has received much attention in the literature, because
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of its tractability and its ability to replicate some key features of observed networks. In
particular, it allows for: homophily, the tendency of agents to form stronger ties with other
agents that are similar to them; and degree heterogeneity, where the number/strength of

links in the networks can vary substantially across nodes.

In the case of a binary outcome variable, the model we consider is one of link formation, and
is an extension of the model by Holland and Leinhardt (1981). There are several alternative
approaches to address the incidental parameters problem in this setting. Graham (2017),
Charbonneau (2017), and Jochmans (2018) all consider versions of this model in which the
latent disturbances follow a logistic distribution, and use conditioning arguments to remove
dependence on the fixed effects. The conditioning approach has the advantage of being
applicable under certain sparse network asymptotic sequences, but is limited to models in
which sufficient statistics for the fixed effects exist, and is not able to recover counterfactuals
or average effects. Yan et al. (2019) also studies the logistic model and provides asymptotic
results for the incidental parameters. Graham (2017) considers an analytical correction
for the logistic model, while Dzemski (2019) derives the analytical correction for a probit
model. The analytical bias correction approach is limited to dense network sequences, as
in this paper, and similarly to this paper can recover average effects. The advantage of
the jackknife correction relative to an analytical approach is that it provides an off-the-
shelf approach that researchers may apply to new settings, without the need to first derive
bias expressions. Candelaria (2020), (Toth, 2017), and Gao (2020) study identification of
the common parameters without a known parametric form for the disturbance term, while

Zeleneev (2020) allows for nonparametric structure in the unobserved heterogeneity term.

Although the focus of the literature on dyadic network models has been on the binary out-
come case, researchers often have access to outcome variables that are non-binary. Examples
of these settings include the value of exports between countries, the value of loans between
banks, or the number of workers migrating between states. The results in this paper are
derived for a general M-estimator satisfying basic regularity conditions and so cover a range
of models for both binary and non-binary outcome variables, as well as a range of estimation

approaches, including MLE, quasi-MLE and nonlinear least squares estimation.

As a demonstration of the technique in an empirical setting, we estimate a model of in-
ternational trade relationships. Gravity models have been a workhorse model in the trade
literature for many years, and the importance of including country-specific fixed effects is

well known ((Anderson and Van Wincoop, 2003)). We estimate the zero-inflated negative



binomial model of Burger et al. (2009), which combines both a model for the decision of
countries to engage in trade, as well as a model for the value of exports conditional on some
trade occurring. The model addresses to key issues in the gravity model literature: it allows
for a large proportion of zero trade flows in the network, and it captures the observed high
dispersion of export values across countries. We obtain bias-corrected estimates of both the

model parameters, as well as average effects.

The jackknife bias correction also allows for the construction of various specification tests.
Many models of network formation include strategic aspects in which agents’ decisions are
influenced by the state of the network. For instance, agent ¢ may find it more beneficial
to link with j if they already share many other links in common. Graham and Pelican
(2020) derives the locally best similar test for a class of alternatives in a logit model, using
conditioning arguments. Dzemski (2019) tests for the presence of transitive links with triads
(groups of three agents) in a probit model, and derives an analytical bias correction for
the statistic. We demonstrate that a range of test statistics, including that of Dzemski
(2019), can be bias-corrected using the jackknife. This extends the set of tests available to
researchers, as well as the range of models they can be applied to. As an example, we test
for reciprocity and transitivity in trade links between countries and find evidence that the
decisions of countries to engage in trade are reciprocal (if country i exports to country j

then it is likely that j also exports to ), but do not find evidence of transitive relationships.

The network jackknife extends previous results on jackknife bias correction in panel data.
Hahn and Newey (2004) introduced a jackknife correction for panel estimators with individual
fixed effects, based on re-estimating the parameters on data sets that exclude a single time
period. Dhaene and Jochmans (2015) present a split-sample version of this idea based on
estimating the model in the first and second halves of time periods separately. Fernandez-Val
and Weidner (2016) develop a general framework that allows for both time and individual
fixed effects. The analysis in this paper builds heavily off of the asymptotic expansions in
Fernandez-Val and Weidner (2016).

Analogously to the panel data setting, the network jackknife is constructed by forming ‘leave-
out’ estimates that exclude certain subsets of the data. Cruz-Gonzalez et al. (2017) and Chen
et al. (2021) have suggested jackknife approaches for network data, although without formal
proof, based on either a split-sample approach or a leave-one-out approach that drops a
single agent at a time. We propose a different approach to jackknifing network data that is

based on a novel partitioning of the data set that constructs leave-out estimates that remove



bias from both sender and receiver of fixed effects in one step. We extend the asymptotic
expansions of Fernandez-Val and Weidner (2016) to allow for formal analysis of the jackknife
estimator. The jackknife proposed here drops a single observation per fixed effect at each
step, so that our approach is likely to have better finite sample variance properties than
the split-sample approach (see Hughes and Hahn (2020) for a formal argument in the panel
setting). In contrast to a jackknife that drops all observations from a single agent in the
network, our jackknife retains all agents in each leave-out estimation, so that the distribution
of unobserved effects is held constant. We demonstrate the small-sample effectiveness of our
approach in comparison to previous suggestions in simulations that show that our jackknife is
more robust to settings with meaningful levels of unobserved heterogeneity and in networks

with lower density.

In addition, we introduce a weighted jackknife, that differs from standard implementations of
the jackknife approach by taking a weighted-average of the leave-out estimates. This version
puts less weight on noisier leave-out estimates, which improves the finite-sample properties
of the jackknife in sparser settings. The weighted jackknife idea may be useful elsewhere, for
example in binary-outcome panel data models with few successes for some individuals (so
called ‘rare events’). Finally, we also introduce a ‘leave-l-out’ version of the jackknife. This
version requires only (N —1)/l additional estimations of the model, and may allow researchers

to reduce the computational burden in settings where model estimation is difficult.

The rest of the paper is organized as follows. Section 2 introduces the network model and
discusses implementation of the jackknife procedure for the estimation of model parameters,
while Section 3 discusses estimation of average effects, and the construction of specification
tests. Section 4 provides asymptotic results for the estimators, and discusses the main
assumptions under which they hold. In Section 5 we demonstrate the method by estimating
a model of international trade flows, while Section 6 reports simulation results that are

consistent with the jackknife theory.

2 Dyadic linking model and jackknife correction

2.1 Model

The researcher observes a network of N agents; these agents may, for example, be individuals,

firms, or countries. For each potential directed connection, ¢ — j, we observe an associated



link-specific outcome variable Y;;. The variable Y;; may capture the presence (or absence)
of a link between two agents, in which case Yj; is binary, or may represent a measure of
the strength of the link between agents. For example, Y;; may be the value of exports from
country ¢ to country j in a particular year, or the number of times agents ¢ and j interacted
in some period. Links are directed, meaning that Y;; # Yj; in general, and so, following the

literature, we term 7 the ‘sender’ and j the ‘receiver’ in link Yj;.

The researcher also observes a set of link-specific covariates X;;. The covariates capture
characteristics of the relationship between agents that may impact the linking outcome.
Often these will be interpreted as measures of homophily, that is, the tendency for agents to
link with other agents that are similar to themselves. For example, countries may engage in

greater levels of trade if they share a common language, or are geographically close.

Agents are endowed with two fixed effects, a; and ~;, which capture unobserved degree
heterogeneity, that is, the tendency of some agents to form more (or stronger) links than
others. The ‘sender’ fixed effect «; accounts for heterogeneity in out-degree (the number
or strength of links from agent i to other agents), while the ‘receiver’ fixed effect accounts
for in-degree heterogeneity. Degree heterogeneity is an important feature of many networks,
for example, we would expect countries with larger GDPs to engage in more trade than
smaller countries ceteris paribus (see Anderson and Van Wincoop (2003) for an example
of such a model). Since the network considered here is a directed one, we allow for the
sender and receiver fixed effects to differ; some countries may have structural tastes for
importing goods over exporting, that is, they run trade deficits (or vice versa), so that
a; < ;. Failure to account for degree heterogeneity in a network can lead to incorrect
conclusions about the strength of homophily in a network. For example, observing that the
United States imports more from China than from Canada may lead to the conclusion that
distance between countries is unimportant for trade if we do not account for a China export
effect. Graham (2017) provides some further intuition for why failing to account for degree

heterogeneity can bias conclusions about homophily in a network.

We make the assumption that linking decisions are bilateral in nature, so that

Y;j 4L Ykl|X,B,CY,'Y V(k,l) g_ﬁ {(279)7 (.]7 Z)}v (1)

where L denotes independence of the outcomes conditional on observed covariates and fixed
effects. This assumption does allow for dependence between the two links within a pair of

agents (a dyad), but implies the decision between i and j is independent of that between
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1 and k for instance. Importantly, this independence is conditional on the covariates and
agent-specific fixed effects. Unconditionally, country i’s exports to country j are correlated
with their exports to country k, since both are determined by the exporter effect «;. In
many settings, the inclusion of fixed effects will be important in establishing the plausibility
of (1). Assumption (1) may not be appropriate in situations where linking decisions are
strategic. Estimation of models with strategic interactions is substantially more challenging,
and is likely to require multiple observations of the network over time. Nonetheless, the
dyadic model presented here still represents an important baseline model, and can be used
to construct tests for the presence of strategic interactions against the null hypothesis of (1).

We discuss examples of such tests in Section 3.2.

We leave the specific model for the network outcomes unspecified, and assume only that the

model parameters (fy, g, o) are solutions to the population maximization problem

max E[ﬁN(ﬁ,a,’}/)],

(67a,7)€Rdim B+2N

Ly(B,a,7y) = ﬁ DD MY Xigs B +75) — %(Z o= %), (2)
i j#i i i
where E represents expectation conditional on the exogenous covariates and fixed effects,
and ¢ is a known function that is maximized in expectation at the true parameters. Many
models can be estimated by maximizing objective functions of the form in (2), including
MLE, quasi-MLE, and nonlinear least squares estimators. The researcher need only specify
the objective function £ and does not need to specify the distribution of the fixed effects, or

how they relate to the covariates.

We assume that the unobserved effects enter in an additively separable manner, i.e. as

a; +;, identification of the two sets of fixed effects parameters requires a normalization, for

Z%’ = Z%

The term %(ZZ a; = ’yi)2 is a penalty term intended to impose this normalization on

which we choose

the fixed effect parameters, where b > 0 as an arbitrary constant.! Note that the vec-

tors of fixed effects a and v are dependent on the network size N, although we leave this

'In practice the constraint could simply be eliminated by substituting it into the objective. We follow
Fernandez-Val and Weidner (2016) in choosing this normalization as it is convenient in the proofs.



dependence implicit in the notation. When functions are evaluated at the true parame-
ters (Bo, 2, Y0) we will typically drop them from notation. We will also use the shorthand
Uij = (Y, Xij, Bo, 20 + 70;) when convenient.

Example. Maximum likelihood

If we specify the full conditional distribution of the outcome variable as
Yi| X, B, oy ~ f (V3] Xy, B, 0 + ;)
then ¢ will be the log-likelihood function
U(Yij, Xig, B, i + ;) = log f (V] X, B, o + ;).
Note that £ need not be a true log-likelihood, since it may be that the observations Y;; and

Y;; are conditionally dependent, in which case £ is a pseudo log-likelihood.

As an example, consider a model of directed link formation according to
Yij = {Xj;B + i + 75 — &5 2 0},

where ¢;; follows a known distribution F. This linking rule is compatible with a model in
which utility is transferable across linked agents as in Bloch and Jackson (2007). Given the
distributional assumption for €;;, the probability of a link forming, conditional on covariates
and fixed effects is p;; = F/(X;8 + a; + ;), and the log-likelihood is £;; = Yj;log p;; + (1 —
Yi;)log(1 — p;;). This is an extension of the linking model of Holland and Leinhardt (1981)

and has been used extensively in empirical literature.

Example. Nonlinear least squares

The researcher may choose to specify only the conditional mean function for the outcome,
rather than its full distribution, e.g E[Y;J-\X,ﬁ, a,ﬂ = h(Xj,5,0; + ;). In this case, we

may estimate the parameters of the model by setting

2
U(Yij, Xij, By i+ 5) = = (Yig — h(Xij, B, i +5))



2.2 Empirical setting - gravity equation

Although much of the focus of the incidental parameters bias-correction literature has been
on the binary outcome case, researchers often have access to non-binary outcome variables
and will be interested in modeling networks in which the links are weighted. As a working
example throughout the paper, we will consider a model of country-level trade relationships
using a data set consisting of a directed network of export volumes between 136 countries
(136 x 135 country pair observations) in 1990. The data are taken from Santos Silva and
Tenreyro (2006), and additional details on their construction can be found in their paper.
The outcome variable is the value of exports from country ¢ to country j. We also use several
covariates to capture homophily in trade relationships, which include: log distance, the log
of the distance between the capitals of the countries; border, an indicator of whether the
countries share a common border; language, an indicator for whether the countries share a
language; colonial, and indicator for whether either country had colonized the other at some
point in history; and trade agreement, an indicator for the presence of a joint preferential

trade agreement between the two countries.

The Anderson and Van Wincoop (2003) gravity equation expresses the trade volume from

country ¢ to country j as

nj = OéoGidofjeai—i_’Yj (3)

where Y;; is the trade flow from country ¢ to country j, G; is GDP of country ¢, and d;; is
inversely proportional to the distance between the two countries (which is generally taken to
include all factors that create resistance to trade). The inclusion of exporter and importer
fixed effects (o; and ~;) is intended to control for multilateral resistance terms, which may

bias results if excluded.

A simple method for estimating the parameters in (3) is to first log-linearize the model.
Unfortunately, this raises the issue of how to deal with the presence of zero outcomes that
are common in trade data. In the country-level trade data introduced above, just under
half of all country pairs engage in no trade. A number of solutions to this problem have
been suggested. Several authors use Tobit models or two-step Heckman style models, which
combine a binary selection equation (predicting whether or not any trade occurs) and a
separate equation for the value of trade (conditional on selection); see for example Helpman
et al. (2008), Rose (2004), Linders and de Groot (2006).

Another popular approach, suggested by Santos Silva and Tenreyro (2006), is to use a Poisson



pseudo-maximum-likelihood estimator, which provides a natural way to incorporate zero-
valued outcomes, as well as being robust to heteroskedasticity issues that can arise when
log-linearizing multiplicative equations. However, there are two key drawbacks to modeling
trade flows with a Poisson distribution. Firstly, the proportion of zeroes observed in typical
trade data is much larger than that predicted by a Poisson model. Secondly, since the
variance of a Poisson is restricted to be equal to its mean, outcomes are typically much more
dispersed than would be expected under the Poisson model. In order to address these two
issues, Burger et al. (2009) propose a zero-inflated negative binomial model, in which the
value of trade between ¢ and j is given by the product of two variables, Y;; = z;;V}7, where
z; € {0, 1} is a binary decision to enter into a trading relationship, while Y} is the value of
exports that will be realized, conditional on z;; = 1. The binary decision is modeled using as
a probit function, while the latent outcome Y7 is modeled as a negative binomial variable,
which allows for overdispersion in the model for Y7,
from the mean. Since the distribution of Yj; is parametrically specified, we may estimate the

that is, it allows the variance to differ

model using maximum likelihood, so that this model is captured by the framework in (2).

2.3 Incidental parameters problem

In total, the model contains dim(f)+2N parameters to be estimated, from the N(N —1) ob-
servations (Yj;, X7.) — we will typically refer to these observations using the shorthand (4, j).
As is well known, nonlinear estimators with fixed effects suffer from an incidental parameter
problem (Neyman and Scott, 1948). To describe the problem, consider the maximization

problem (2) after first concentrating out the fixed effect parameters

a(B),7(8) = argmax L (8, @, 7),

a7’y

B = arg max Ly (8,a(8),7(8))- (4)

Replacing the population functions a(3),v(8) = argmax,, E_’[EN(ﬁ, a, 7)] with their sam-

ple values, results in an objective function that is biased, in the sense that
Bo # By = arg mng[EN (8,a(8),7(8))] (5)

To see why, observe that the first-order condition for @;(3) depends only on the N — 1
observations (7, j) for j # i. Similarly, the first-order condition for 7;(5) depends on the
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N — 1 observations (j,4) for j # i. Expanding @;(5) around «;(8) (and similarly for )
will therefore result in a bias of order O(N~'). Under regularity conditions discussed in
Section 4, we show that the bias of the maximizer of the profile objective function (5) is

approximately given by
By
— By ~ 6
B — o~ ©)

for some bias term By. Analogously to the panel literature, the bias is inversely proportional

to the number of observations used to estimate each of the fixed effect parameters; the
exporter effect for country 7 is estimated using the data on the N — 1 other countries in the
network that ¢ may export to. As the size of the network grows, N — oo, we will have that
Bn — Py so that parameter estimates are consistent. Considering B as an estimator for [y,
we can show that N(E — Bn) = N(0,V). However, since the bias Sy — By is of the same
order as the estimation error, O(N™1), B will be asymptotically biased, that is

N(B - o) = N (B,V).

The incidental parameters generate an asymptotic bias in the network model analogous to
the panel setting with both N and T" growing to infinity at the same rate. Similar asymptotic
expansion arguments have been used in the panel data literature on nonlinear models with
fixed effects. Hahn and Newey (2004) derive expansions for models with individual fixed
effects, while Fernandez-Val and Weidner (2016) derive expansions that apply to general
models with additively separable unobserved effects, and Chen et al. (2021) consider the
setting with interactive effects. The expansions used in this paper rely heavily on these prior
results. Dzemski (2019) also applies the Fernandez-Val and Weidner (2016) expansions to
the network model structure to derive bias expressions for a probit model. In this paper,
we extend the asymptotic expansions to higher order so that they may be used to justify
jackknife bias correction procedures. We demonstrate that, under mild additional regularity
conditions, the jackknife estimator introduced below is asymptotically normal and mean

zero, so that valid inference can be performed on model parameters.

2.4 Jackknife bias correction

The jackknife bias-corrected estimator is constructed as a linear combination of the full-
sample parameter estimates and an average of ‘leave-out’ estimators that exclude certain

observations in the data set. The particular linear combination chosen can be motivated by
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asymptotic expansions of the estimator, in particular the form of the bias in (6).

Suppose we were to drop observations from our data set in such a way that for every country
1 we exclude one observation in which ¢ is the exporter, and one observation in which 7 is
the importer (recall that a single observation is one export-import relationship, of which we
observe N(N — 1) in total). We show that the new estimator using this ‘leave-out’ sample,
B , has a bias that is approximately

_ B
Efl -~ s

The form of the bias for ﬁN can be explained by two important factors: (i) B is estimated

using only N — 2 observations per fixed effect, since we excluded one observation related to

each fixed effect parameter, and (ii) § is estimated on a random sample generated from the

same set of fixed effects, so that the bias expression By is the same as that in (6).

Taking advantage of the fact that the estimate 3 has a larger bias than the full-sample

N-1
N-=-27

which has no asymptotic bias

estimate E by the factor we can construct a new estimator B\jack =(N— 1)3 —(N - 2)6~

E[(N-1)5—(N-2)5] -p~0,

To describe the construction of the leave-out estimators, we first define a partition of the
N(N — 1) observations of directed pairs (7,7) into N — 1 sets of the form?

Ze ={(i,j) : j=(i+ k) (mod N)}, fork=1,...,N—1

that is, the set of directed pairs {(1,1+k),...,(N —k,N),(N —k+1,1),...,(N,k)}.2

Figure 1 represents the structure of the first three sets Zj for a network of N = 10 agents.
Observations are ordered in an N x N matrix so that the (i,j) cell represents the corre-
sponding observation in the network (the diagonal elements are empty since there are no
(,1) observations). The leave-out sets take diagonal sections from the data matrix. Im-
portantly, constructing the sets this way ensures that each contains exactly one observation
related to each sender and receiver fixed effect; i.e. there is one observation taken from every

row and every column.

2In the modulo notation we consider agent N equivalent to agent 0.
3The construction of the leave-out sets assumes that the labelling of the nodes is arbitrary. This will
generally be true, but the researcher may ensure this by randomizing the ordering of nodes prior to estimation.
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Figure 1: Diagram of leave-out sets Z; for k = 1,2, 3

k=1 k=2 k=3

Observation (i, 7) in the network is represented by the corresponding position in each matrix. The
blue squares are the observations contained in the leave-out sets 7.

Let 1j; = 1{(i,j) € Zs}, be an indicator variable that is equal to one whenever the observa-

tion (7,7) is not in the k-th leave-out set. The k-th leave-out estimates are

S 1
— 0 1%
(Beky» dx)) = arg X E j%éi (B, ¢) x 13, (7)

subject to Z o = Z%,

7

that is, the estimates obtained by excluding the observations in Z; from the data. We can

then construct the jackknife bias-corrected estimator

F

1

By=(N=1)By— (N - N1 Biky- (8)

>
Il
—

The construction of the leave-out estimators is analogous to jackknife bias correction in
the panel data setting; however, the structure of the jackknife proposed here is new. The
procedure relies on dropping sets of observations that contain a single observation related to
every sender fixed effect o; as well as every receiver fixed effect ;. In this way, the bias from
both types of fixed effects can be addressed simultaneously, while holding the distribution
of fixed effects constant across the leave-out samples. This is in contrast to an approach
which drops all observations from a single agent, which removes that agents’ fixed effects

from the leave-out sample and alters the distribution of unobserved heterogeneity. We show
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in simulations that the method proposed here is more robust to networks that have more

unobserved heterogeneity or are less dense.

We prove in Section 4 that the jackknife bias correction is consistent, and asymptotically

normal, with mean zero and variance equal to that of the full-sample estimate
N(By - Bo) = N(0,V).

The fact that the jackknife is able to remove bias without affecting the asymptotic variance
of the estimator may seem surprising. This important feature is achieved by averaging across
the N — 1 different leave-out estimators B(k). Since the sets Z;,...,Zy_1 form a partition of
the N(N — 1) observations in the network, each observation is excluded from exactly one of
the leave-out estimates. This balanced treatment of observations ensures that the jackknife

procedure does not affect the first-order asymptotic approximation of the estimator.*

Remark 1. The construction of the leave-out sets depends on the labelling of nodes, and
so the final estimator will be dependent on this labelling (since the make-up of the leave-out
sets will change). While the researcher could re-randomize the node labels, construct fj\ 7 for
each randomization, and then average to remove some of the arbitrariness of the node labels,
this is not necessary. The estimators with different labelings should be very similar so that

the additional computations will have little effect.’

The jackknife estimator requires N estimations of the model, and so may be computationally
intensive for large networks, although speed may be improved by computing the leave-out
estimates in parallel, and using good starting values such as the full sample estimates. As an
alternative, we present a ‘leave-l-out’ version of the jackknife, which reduces the number of

additional estimations of the model by dropping [ observations per fixed effect, as opposed to

just one. To describe the estimator, let NV; = ¥ (we assume here that N —1 is divisible by [

for simplicity). We can construct the k-th leave-l-out set by combining [ of the leave-one-out

sets as follows Z! = Ué;%l’kﬂ- N, for k =1,..., N;. This results in V; = % non-overlapping

leave-l-out sets, with corresponding estimates Blv(k), which are the estimates from using all

4In the panel data setting, Dhaene and Jochmans (2015) note that forming a jackknife using overlapping
subpanels (across time) results in an inflation of the asymptotic variance, since some time periods are used
more that others. That the Z) form a partition ensures that each observation is used an equal number of
times in the average ﬁ Zgz_ll Bk)-

°In simulations (see Section 6 for the design) the estimates based on different labelings were close to
identical and so the additional calculations had almost no effect on the estimation.

14



observations except those in the k-th leave-l-out set Z!. A jackknife bias-corrected estimate

can then be constructed as

N-1. N-1-11 .
] /BN_fﬁl 2 Bk (9)

1

B =

where N; = %.6

Remark 2. The leave-l-out jackknife bias correction has the same asymptotic variance as
the standard leave-one-out jackknife and the full-sample estimator. However, there may be
some finite-sample efficiency loss, particularly when [ is large or when the network is not
sufficiently dense. Hughes and Hahn (2020) show in the panel case that the leave-one-out
jackknife is higher-order more efficient than the split-sample jackknife (i.e. its variance to
O(N~1) is smaller), and it is likely that the same result applies here, although this is beyond
the scope of the present paper.

2.5 A weighted jackknife

The jackknife relies on large dense network asymptotics, but in finite samples it is possible
for some leave-out estimates to drop a number of important observations all at once. This
is more likely to occur when NN is small, there are few links for some nodes, or when we are

using the leave-l-out jackknife with large [.

The performance of the jackknife can be improved in these settings by taking a weighted

average of the estimates E(k). Define the weights

- 1 . 1 . R .
Wik = —N(ﬁm/ﬁ(m = v (Os5Ly) (Oper L1wy) 1(%5(@))

In the case that N — 1 is not divisible by I, let N; = L%J Then we may partition the data into

r = N —1—I[N; leave-(I + 1)-out sets and N; — r leave-l-out sets. Denote B(k) as the leave-(I + 1)-out
estimates for k = 1,...,r and the leave-l-out estimates for k =r 4+ 1,..., N;. Then, let

_ 1
5:W(Z( —1=2)Buy + Z N —1=1)Bw)

k=r+1

The jackknife bias-corrected estimator is then given by

By =Nifn— (N, —1)3
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The weighted-jackknife estimator is given by
Bur = (N = DBy = (N =25 (= 3 Wi B ). (10)

where W, = ﬁ kN;ll W(k).

The weights /W(k) are the Hessian for 3, after concentrating out the fixed effects. In the
special case that £ is a log-likelihood function, Wy is the Fisher information for g, and
so is equal to the inverse of the asymptotic variance. In this case, we are using an inverse
variance weighting scheme, which down-weights leave-out samples that produce particularly
noisy estimates of the common parameters. The weighting scheme is equally applicable to
non-likelihood settings, although it no longer carries the inverse variance interpretation. In
simulations, this weighted version of the jackknife significantly improves the performance of

the estimator in sparser networks (see Section 6 for more details).

Remark 3. Asymptotically the weights have no effect on the estimator, since all /W(k)
converge to the same quantity. This implies that the asymptotic variance of the weighted
jackknife is the same as that of the standard jackknife. In finite samples, variation in the
weights depends on the number of nodes N, as well as the density of the network (i.e.
the variation in outcomes for each node). The weighting scheme is likely to have a large
impact for small or less dense networks, but in denser (or larger) networks we will have

WJ_I/W(,C) ~ Ilgim g, s0 that the weighted and unweighted jackknife estimates are very similar.

Remark 4. The motivation behind the particular choice of weights comes from the first-
order asymptotic expansion of the estimator. A Taylor expansion of the first-order conditions

of the objective function gives an expression of the form

where A is mean zero and asymptotically normal with variance Q (as in Theorem 1), while

B is an additional term responsible for the asymptotic bias of the estimator.

As demonstrated in Lemmas 3 and 4 in the Appendix, the jackknife procedure applied to
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A + B successfully demeans B and leaves A unchanged, i.e.

-1

1
(N—l)A—(N—2)m;A(k) =4,

N-1

This results in an estimator with no asymptotic bias and unchanged asymptotic variance. In
practice however, the jackknife is applied to B , so we must consider the effect of the jackknife
procedure on Wy'(A + B).

The validity of the jackknife relies on the fact that W) ~ Wy, which is guaranteed in
large samples under our assumptions, in particular, dense network asymptotics. However,
in finite samples, W) could vary substantially in some leave-out samples when NN is small,
there are few links for some nodes, or we are using the leave-l-out jackknife with large (.
This motivates instead averaging over W(k) E(k), so that variation in W(;)l has less impact on
the quality of the asymptotic approximation. Intuitively, we are jackknifing the first-order

condition for B, rather than B itself.”

3 Estimating average effects

In addition to estimation of the common parameter (3, researchers may also be interested in
estimating certain averages over the distribution of exogenous regressors and fixed effects.
An important advantage of the jackknife bias correction, over methods based on conditioning
on sufficient statistics (e.g. Graham (2017), Jochmans (2018)), is that by estimating the fixed
effect parameters we are able to construct estimators for these averages. Common examples
include average and marginal effects, as well as counterfactual outcomes. In the network
setting, these are averages over functions of a single potential link (7,j) in the network.
We will additionally show that averages over multiple links also provide interesting objects
of interest; for example, averages over dyads {(i,7),(j,4)}, triads (groups of three nodes),

or other network patterns. As an example, we focus on how these objects can be used to

TOf course, W2, W3 and similar terms also appear in high-order parts of the expansion. The validity
of the large-network approximation W(;)l ~ W1 is still necessary for the jackknife to be consistent and
asymptotically normal. The weighting scheme simply aims to improve the finite-sample properties of the
estimator.
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construct tests of the assumption of independent link formation stated in (1), but they may
have wider relevance in empirical work. Estimation of the many fixed effect parameters
means that these averages also suffer from an incidental parameter problem. We show
that the jackknife can be used to bias-correct average effects estimates and obtain correct

inference.

3.1 Averages over single observations

A simple fixed effect average may be expressed as
d=F [AN(BW ¢0)] )

1 N
Ay = m sz(Xz‘j;ﬁ,%’ + ;)

i=1 ji

(11)

where the expectation is taken over the joint distribution of covariates X;; and fixed effects
(a,7;), and the function m represents the effect of interest. Here we specify two possible
parameters of interest, § the population average, and Ay, the sample average; this choice
will affect the asymptotic distribution of the estimator, a point we return to in Section 4. As
earlier, we will impose that the fixed effects enter the function m in an additively separable
way, as m;; = oy + ;; this will imply that the choice of fixed effect normalization will not

affect the estimator.

Example. Marginal effect

As an example, consider a binary outcome model with P(Y;; = 1|X, 8, «a,v) = F(5X;; +
a; + ;). We may be interested in estimated the average partial effect of the covariate, in

which case we would have

0
m(Xij, B, 06 + ;) = ﬂa_XF(BXij + ;i + 7).

Alternatively, we may be interested in the average partial effect at some fixed value of
X;j = x, in which case, m(X;;, 8, + ;) = B5% F (B + o + ;).

Example. Counterfactual change

Alternatively, assume that we estimate the conditional mean function E[Y;;|X;;,[3,¢] =

h(BX;; + a; + ;). We may be interested in the counterfactual change in predicted outcome
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from a change in the value of the covariate X;; from z( to x;, e.g. the effect of entering or

exiting a trade agreement. In this case
m(Xyj, B, as,v) = h(Br1 + o + ;) — h(Bro + a; + ;).

The average effect in (11) can be estimated by plugging in estimates of the model parameters

N
~ 1 ~
Ay = m sz(Xij,Ba@u%‘)'

i=1 j#i

As with estimates of the parameters themselves, the average effect estimate A ~ 1s asymptot-
ically biased, that is, N (3 ~ —Ay) converges to a normal distribution that is not centered at
zero. The asymptotic bias in Ay stems from three sources: (i) bias in the common parameter
estimates J3, (ii) averaging over a nonlinear function of noisy fixed effect estimates (a Jensen

inequality type bias), and (iii) correlation between the fixed effect errors and m(X,;, 5, a4, ;).

The average effect estimator can be bias-corrected using the jackknife in an almost identical

way to the bias correction of B . Let

N
~ 1 ~ . =R
Aw = NNZD 2 DX, B Gwy i ey s)

i=1 j#i

be the average effect estimate that uses the parameter estimates in the k-th leave-out sample
(that is, the sample which we drop observations (i,j) € Zj). A jackknife bias-corrected

estimator is

=

—1
~ - 1 -~
1

e
Il

We show in Section 4 that the bias-corrected estimator is asymptotically normal with mean
zero. Note that there is no need to use a bias-corrected estimate of B in the construction of
the average effects. The jackknife takes care of the bias generated by bias in B as well as the

other sources of bias in a single step.

3.2 Specification testing

The parameter in (11) is an average over a function that depends on a single observation in

the network. In some cases, we may be interested in averages over functions that depend on
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multiple observations such as patterns depending on pairs of nodes (dyads), groups of three
or four nodes (triads or tetrads), or other structures. Although these averages may be of
interest in their own right, they prove particularly useful in developing specification tests,
and we focus on this case. In this section, we show that like simple average effects, these
averages also suffer from the incidental parameters bias problem, but can be bias corrected

using the jackknife approach.

Let A be a set of observations in the network; for example, A\ = {(4,7), (j,7)} collects the
two observations within a dyad, and A = {(4, j), (4, k), (k, )} collects a sequence of potential
links between three nodes. Let Ay be the set of all possible A\ formed by permuting the

nodes for a network of size N. We consider averages of the form
1
Ay = mzm(YA,Xmﬁ,W,\)a (13)
A

where Y\ = {Yi;}aj)ens Xa = {Xijtaer, and my = {a; + ¥} ¢ij)exn collect the outcomes,
covariates and fixed effects for the observations in A. These generalize the averages in (11) in
two ways: (i) they allow for averages over functions of multiple observations in the network,

and (ii) they allow the function m to depend on the outcome variable Y;;.

One important application of the type of averages in (13) is to specification testing. The
model presented in this paper assumes that decisions are made bilaterally, that is, agents
¢ and j decide on Y;; independently of other outcomes in the network. In some settings,
we may expect that decision making has some strategic aspect, in that an agent’s utility
from a link depends on the presence (or strength) of other links. One way to model such
a phenomenon is to include network statistics in the utility function. For example, imagine

that ¢ sends a link to j according to
Vij = 1{0Si; + B'Xij + i +; > €55}, (14)

where S;; is the value of some network statistic, and ¢;; are independent shocks. Models
of this form generally result in multiple equilibria, which raises a number of difficulties for
estimation. However, under the null hypothesis Hy : 6 = 0, the model is the dyadic link
formation model considered in this paper and can be consistently estimated. This suggests
that a test statistic based on \S5;; may be useful for testing the null hypothesis of the dyadic

model (i.e. assumption (1)) against an alternative of the form (14). One possible test statistic
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is

Ty = m Z Z(Yz‘j — Pij)Siis (15)

i

where p;; = E[Y;;|X, 5, a,7]. The statistic tests the ability of the network statistic 5;; to
predict the model errors Y;; — p;;. Under the null model, E[(Y;; — p;;)Si;] = 0 and so values
of Ty far from zero suggest the presence of unexplained strategic interactions. Graham and
Pelican (2020) consider a similar setup in the case of a logit model and derive the locally
best conditional similar test for the null hypothesis Hy : 6 = 0 in (14). The resulting statistic
is similar to (15), although this certainly does not imply any optimality of the test proposed
here. The motivation for the statistic suggested here is heuristic, but has the advantage of
being applicable to a wide set of models (e.g. models that do not admit a sufficient statistic)
and has the simplicity of using asymptotic critical values. Some examples of potential test

statistics in this framework may be useful.

Example. Reciprocity in link formation

Consider a model in which links are reciprocal, that is the presence of a link from j to ¢
increases the utility of the reverse link from ¢ to j. In this case we could let S;; = Y}; in (15),

which gives the statistic

1
In = NN =1) Z Z(Yz‘j — pij)Yji (16)
i jF
This statistic measures whether the average prediction error for reciprocal links differs from
the average prediction error for non-reciprocal links. Note that reciprocity is allowed for
under the assumptions of this paper, so that a rejection of the null hypothesis of no reciprocity

does not affect the interpretation of model estimates.

Example. Transitivity

Consider a triad, three nodes in the network (i,j,%k). Under the dyadic model, linking
decisions are independent across the three pairs of nodes in the triad, but in many settings it
may be reasonable to think that the existence of links between two of these pairs may affect
the formation of the links in the third. For example, imagine that ¢ has formed a directed
link to j, and j has formed a link to k. We may expect the existence of the indirect path
from i to k (passing through j) to increase the likelihood of observing the direct link from i
to k. This linking structure, i — j,i — k,k — j (shown in the right diagram of Figure 2), is

known as a transitive triangle.
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Figure 2: Transitive triangles

J J

There are six potential transitive triangles that may exist within any triad; the figure above shows
two of these (in which 7 is the sender of two links). Additional links may exist within the triad -
these do not affect the existence of a transitive triangle.

Transitivity in linking is a feature of many models of strategic network formation and we
may test the null hypothesis that linking decisions are dyadic against an alternative in which

transitivity exists by choosing S;; = ﬁ > 2gigy YieYj and using the statistic

1
Ty = N(N = )(N_Q)ZZ Z (Yij — pij) YinY;. (17)

i g# kA{Lg}

Note that in both examples, and more generally, the outcome Y;; need not be binary. The
test applies equally to non-binary outcomes, for example, in a trade network the presence of
large export flows of a particular good from ¢ to k£ and from £ to j may reduce the expected

direct exports of that good from i to j.

The framework in (14) generates just one possible set of specification tests, and many others
statistics of the form (13) are possible. One alternative method is to compare the observed
frequency of some possible subgraph configuration with the expected frequency under the
assumed dyadic model. Such a test, for the case of transitive and cyclic triangles, was
proposed by Dzemski (2019), who also derived an analytical bias correction for the statistic
in a binary outcome model with normal disturbances. The statistic suggested by Dzemski
(2019) is of the form

) N
Ty = NV 1N =9 ZZ Z (Y%]'Yikykj _pz’jpikpkj)7

i=1 j#i kA{ij}
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where Y;;Y;1Y); is an indicator for a transitive triangle and p;;pixpr; is the probability of
observing such a triangle when all three links are independent. Many test statistics of
this form could be derived in the same way, by taking some function of network outcomes
between multiple agents and comparing it to its expectation under the dyadic model. For
example, an alternative statistic for reciprocity would be wx—p Z > i2i(YiiYsi — pigpji). A
key advantage of the jackknife procedure proposed in thls paper is that it applies to such a
wide variety of statistics. Given the plethora of potential test statistics, an analysis of their

power properties would certainly be useful, although is beyond the scope of this paper.

Like estimates of the common parameter 3, the test statistics discussed above suffer from
an incidental parameter bias. Although the infeasible test statistics are mean zero under
a correctly specified model, the feasible versions, which replace parameters [y, ag, 7o with
their estimated values, have an asymptotic bias that leads to incorrect inference. However,

we show in Section 4 that statistics of the form in (13), may be jackknife bias corrected.

To describe the jackknife bias correction for these statistics, denote the number of observa-
tions contained in A as 7. Let 15 = ITiex 17, be an indicator that is zero whenever any of

the observations in A are included in the k-th leave-out set Z,. Define the leave-out estimate

~ N-1
Ay =
(*) N—r—l\AN]

ZmY)\aXAa/B(k ﬂ-)\ ) X]]‘

where B(k),ﬁ,\,(k) are parameter estimates from the k-th leave-out estimation. The factor

N-1
N—r—1

observations it is a function of are dropped.® A jackknife bias-corrected estimator is again

accounts for the fact that m, is dropped from the average whenever any of the r

given by
A;=(N-1DAy—(N-2) _1ZA (18)

In Section 4, we show that the bias-corrected statistic is asymptotically normal and well
centered. In the case of the specification test statistics discussed above, we have E[Ay] =0
and so NA; = N(0,Va), where the form of the variance is shown in Theorem 2. This
allows us to test hypotheses in the usual way, comparing N A 7/V/Va to the quantiles of

a standard normal distribution. Further details on the implementation of these tests are

8This jackknife differs from (12) by jackknifing the average itself, not just the parameter estimates. This
is because m here may depend on the outcome Y;;. In settings where m does not depend on outcomes, or
it is separable between outcomes and parameters, the simpler jackknife in (12) can be used. For example,
when my = Y;; Y. Y — pijpikDi;, the average over the second term (p;;pixpr;) may be jackknifed separately
and the average over the first term (Y;;Y;;Y%;) left as is.
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discussed below.

4 Asymptotic theory

We consider an asymptotic framework in which a single network of N agents grows in size,
ie. N — oo. Recall that the parameters of interest maximize the objective function in
(2) for some function ¢;; = ¢(Yi;, Xyj, 5, a; + ;) of the observables Z;; = (Y;;, X;;) and
additive unobserved fixed effects o; + 7;. The asymptotic theory relies on expansions of
the objective function, for which we require certain differentiability and moment conditions.
We let ¢ = (¢/,7') denote the 2N x 1 vector of fixed effect parameters and m;; = o; + 7,
represent the additive index through which they enter the objective function. We denote
derivatives of the function ¢ with respect to parameters by 9g¢;;(5, o, y) = 94;; (8, v, 7y) /0B,
Onalij (B, c,y) = 0U;;(B, v, 7y) /On? etc. When evaluating these objects at the true parameter

values, we simply write 0,/;; and so on.

4.1 Asymptotic analysis for the common parameters

The results below are derived under the following set of assumptions. Proofs are provided

in the Appendix.

Assumption 1. Let e > 0. For every (i,j) let B.;; be a subset of RY™A+Y that contains an
e-neighborhood of Sy, mo,ij) for all N.

(i) Conditional on (X, «, ), dyads are independent, that is,

Y;j 4L Ykl|Xaﬁ7a>Fy V(k,l) g_ﬁ {(Z>])7 (]7 Z)}

(ii) For alli,j and N we have that E[0gl;;] = E[0(;;] = 0. For all N, the objective function
L is strictly concave over R¥™BAT2N " and the matriz H = —8¢¢/£_ is positive definite.

(111) For all (i,7), the function (5, m) — £;;(B, ) is five times continuously differentiable over
B..; almost surely. For all (i,j), the partial derivatives of {;; with respect to the elements

of (B,m) up to fifth order are bounded in absolute value uniformly over (5,7) € B.;; by a
function M(Z;;) > 0 a.s., where max; ; E[M(Z;;)'%] is a.s. uniformly bounded over N.
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(iv) Let

_ 1 . . A-ln. F
Wy = == (935 L = (055:L) (090 £) " (955L))

Qn = E[(95L — (955L) (05 £) 1 (96L)) 7).

The limits plimy_, Wy = W and plimy_, . Qn = Q exist for W and Q positive definite

matrices.

(v) There exist constants by, and byq, such that for all (5,7) € B.;
0< bmm < _E[aﬂ2€ij<ﬁ; 7T)] < bmax

a.s. uniformly overv,7 and N.

Assumption 1(i) specifies that outcomes depend on dyad specific variables only, and not
on other features of the network. Conditional on the observed covariates and fixed effects,
the outcome Y;; is independent of other outcomes in the network, with the exception of Y};.
Note that unconditionally outcomes are allowed to be dependent, through dependence across

covariates X;; and the fixed effects.

Assumption (ii) contains the parametric restriction of the model and requires that the true
parameters [y, ag, Yo are solutions to the first-order equations of the objective function. Con-
cavity of the objective function ensures that the population problem has a unique solution.
This is satisfied in many common nonlinear models, including the class of regression mod-
els with log-concave densities (as well as censored and truncated versions of these models),
which includes probit, logit, ordered probit, Tobit, gamma and beta models among others
(see Pratt (1981), Newey and McFadden (1994)).

Assumption 1(iii) provides basic smoothness conditions for the objective function. The
derivative and moment conditions are required to ensure the validity of the asymptotic
expansions to high enough order to establish the properties of the jackknife procedure, and
to ensure that remainder terms are well bounded. Analysis of the jackknife requires higher
order expansions than are required for characterization of the analytical bias and first-order
asymptotic properties of the estimator, and so Assumption 1(iii) is somewhat stronger than

the equivalent assumption employed in Ferndndez-Val and Weidner (2016).

Assumption 1(iv) ensures that the variance of 3 is non-degenerate. The term Wy is the

Hessian matrix for the common parameters 3, after concentrating out the fixed effect pa-
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rameters, while Qy is the variance of the score for 3 (again after concentrating out the fixed

effect parameters). To describe estimators of these terms, let

Hij = T xr Z Z ('ya jt + H Oél’Y it ?:[(’Y’Y St)E[ﬁﬁﬂ— St]
s t#s

and define Dgl;; = 0gl;; — Z;;(Oxl;;). This term is the score for § after partialling out the
fixed effect parameters. Estimators of the variance terms can be created in the usual way

by plugging in estimates of the model parameters, i.e.
—~ 1 ~ ~ . ~
Wy = ——(5,%'5 — (9o L) (Do L)~ (0poL))

Oy = NN =T SN Dyl + Dst)?,

i J<t

(19)

where the terms @m/f, D/gﬁ\w etc. are evaluated at the estimates B\, a, 7. Note that the

estimator ~ allows for correlation between the Y;; and Y}; outcomes.

Finally, Assumption 1(v) ensures that the Hessian for the fixed effect parameters is positive
definite. This requires sufficient variation in the outcomes across both dimensions — i.e.,
variation in Y;; over j (for fixed sender i) and over i (for fixed receiver j). In the binary
outcome case, it implies that the model generates a dense network, one in which the number of
links formed by each node tends to infinity as the size of the network grows. The assumption
may not be reasonable in all empirical settings — in simulations we investigate the robustness
of the estimator to sparsity in finite samples. The density assumption can be avoided in
settings where sufficient statistics for the incidental parameters exists, such as the conditional
logit framework, since estimation of the fixed effects is avoided. This comes at the expense

of no longer being able to estimate average effects or counterfactual outcomes.

We now state the main theorem of the paper, on the asymptotic distribution of the jackknife

bias-corrected estimator.

Theorem 1. Let Assumption 1 hold and let B\J be the jackknife bias-corrected estimator (8),
the leave-l-out estimator (9) or the weighted jackknife (10). Let Vy = Wy'QyWx' and

assume that V = plimy_, VN exists and is positive definite. Then,

N(B\J — Bo) = N(0,V).
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Let ‘7N = /WJ#QNW]# be an estimator of the asymptotic variance, where /WN and @N are

the plug-in estimators shown in (19). Then Vy — V.

The jackknife estimator is asymptotically normally distributed and unbiased. It also has the
same asymptotic variance as the non-bias-corrected estimator in (2). The variance is the
usual sandwich form one, and is easily computed. In the case of maximum likelihood we will
have that Wy = Qu so that the variance simplifies to Vy = ngl. In general this will not
be true, for example the researcher may wish to allow for correlation between Y;; and Yj; by

clustering Qu at the dyad level as in (19).

4.2 Asymptotic analysis for fixed effect averages

Here we present asymptotic results for averages of functions that may take more than one
observation as arguments. This structure will cover a number of interesting cases such as
standard average effects, averages over dyads, triads or other structures in the network, and
specification tests. Recall that A is a set of observations (4, j), and Ay is the collection of all
such sets formed by permuting the nodes in A. We let Yy = {Yi;}q.j)en, Xa = {Xij}aj)en, and
T = {a; + Vj}(i,j)e » collect the outcomes, covariates and fixed effects for the observations in
A. The function of interest is my = m(Y), Xy, 8, mx), which is a function of (Y;;, Xi;, o; +7;)
for each (i,7) € A

It will be useful to define three separate quantities

~ — 1
5:E|:AN:|, AN:E[AN}, and AN:W E .
AEAN

Here, Ay is the average effect computed in the observed sample (at the true parameter val-
ues), Ay is the expectation of the average effects conditional on the distribution of covariates
and fixed effects in the observed sample, while dy is the population expectation. We can

decompose the estimation error A ~ — 0 into three sources
Ax—08=(Ax —AN)+ (Ay — Ay) + (Ax = 0). (20)

The first term, A ~ — Ay, represents variation caused by estimation of the parameters in the
model, including fixed effects. The next term, Ay — Ay, is variation of the sample outcomes

m, around their conditional expectations my = E[m,]. In the case that m is a function of
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the data only through X, i.e. it does not depend on outcomes Y), we will have m) = m,
and this second term will vanish. Finally, Ay — & captures differences in the distribution of
covariates and fixed effects in the observed network, relative to the population. In the case
that the full network is observed, or whenever Ay = 0 as is the case for specification tests,

we will have that Ay = dy.

The results below will rely on Assumption 1, as well as additional restrictions on the choices

of X\ and m.

Assumption 2. Let A\ be a set of r observations (i,j) containing p distinct agents. For
every A, let B.y be a subset of RY™AHT that contains an e-neighborhood of (Bo, o) for all
N, with € > 0.

(i) The number of observations and unique agents in \, r and p, are fized over N. The set
Ay contains all (NL_IP)! permutations of agents in the set of observations .

(ii) The function m depends on (o,7) only through m\ = {a; + vj}uexr. For all A, the
function (B, m\) — m(Zy, 5, m) is five times continuously differentiable over B. ) a.s. For
all X, the partial derivatives of m with respect to the elements of (5, m) up to fifth order are
bounded in absolute value uniformly over (B, m\) € B. by a function M(Zy) > 0 a.s., and

maxy E[M(Z,)'] is a.s. uniformly bounded over N.

(1ii) We have that 0 < miny E[m3] — E[m,]* < maxy E[m3] — E[my]* < oo uniformly over
N

Assumption 2 (i) restricts m to be a function of a fixed number of edges in the network,
which allows us to construct leave-out sets to bias correct using the jackknife. It also assumes
that Ay is an average of all possible arrangements of the nodes in A, ensuring that averaging
occurs over all dimensions. For example, an average of the form % > ki m(Xij, a;,7;) is not

allowed since we are only averaging over the receiver dimension, while holding ¢ fixed.

Assumption 2 (ii) is analogous to Assumption 1 (iii), and imposes the same differentiability
and moment conditions on m as are imposed on ¢. This allows for asymptotic expansions
of A ~ to be derived, in the same way as for E . Finally, (iii) ensures that the unconditional

second moments of m are well defined.

The asymptotic distribution depends on the choice of target parameter, either a conditional
or population average. The following theorem states the asymptotic result for the jackknife

bias-corrected estimator of the conditional fixed effect average Ay.
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Theorem 2. Let Assumptions 1 and 2 hold, and let EJ be the jackknife bias-corrected
estimator (18). Then

N(A; = Ay) = N(0,Va).

If we additionally assume that E[(my — my)(my — my)] # 0 for sets X and X' that share

exactly one observation in common, then the asymptotic variance s

Va = lim m >N E[(hij + )]

i j<i
where h;; :~ —N(aeAN)(aae'Z)_l((aegij)‘i‘(angi)); for0' = (5,a/,7'), and Sij = % Z,\e]\ij (ma—
my), with Njj = {\: (i,7) € X or (4,1) € A}.

If we have either my = my or E[(mA —my)(my — m,\/)} = 0 for sets X and N that share

exactly one observation in common, then the asymptotic variance is
: 1 =9
Va = lim 3 2 Bl
1 g<a
In either case, let VA be the plug-in estimator for Va that replaces the unknown 6 with

estimates 6. Then ‘A/A — V.

Some explanation for the form of the variance may be useful. The two terms h;; and s;;
relate to the first two components of (20). The first component A, — Ay contains variation
from estimation of the common parameters g and fixed effects «,~. In the Appendix it is

shown that this term can be approximated using the delta-method

N(A; — Ax) = —N(3AN) (990 L) (Dpli;) + 0,(1)

1
= m ZZ}LW + 0p(1).

i jF#L

Note that, replacing the jackknife estimate A J with the standard estimator Ay would result

in additional terms appearing in the above first-order approximation, related to the incidental
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parameter bias. The second component is
_ N B
N(AN — AN> = m E (m)\ —m)\).
N
A

The variance of this term depends on the conditional covariance between my and m,, for
distinct sets A and X. Note that if A and )\ share no dyads in common then they are
conditionally independent. The variance of this term depends on the condition F [(m,\ —
ma)(my — my)] # 0 for sets A and X share exactly one observation in common. Under
this condition, the variance of ), (my — m,) is dominated by covariances between m, and
my for A and )\ that share exactly one dyad in common; although A with two or more
common dyads also contribute to the variance, there are an order of magnitude fewer such
combinations, and so these represent smaller order contributions that do not appear in the
asymptotic variance. In settings where E[(my —my)(my —my)] = 0 for A and X' that share
exactly one observation in common, Ay — Ay is a degenerate U-statistic and its variance is
asymptotically of smaller order than the variance from parameter estimation, i.e. A J—Apn,

and so may be ignored.

Theorem 2 shows how we may construct confidence sets for the parameter of interest Ay.
When the object of interest is the unconditional average 9, the convergence of the estimator
will be dominated by variation from the third component in (20), Ay — . To describe the
statistic in this setting, it is useful to use its U-statistic representation. We will additionally
assume that X;; = h(X;, X;). This condition appears in other work on dyadic models, for
example in Graham (2017). When X;; measures the similarity (or difference) between ¢ and
J in some measure, we will commonly have X;; = d(X; — Xj), for d some distance function.
Alternatively, if X;; captures common membership in some group, we may have X;; = X;X;

where X; is an indicator for ¢’s membership.

To give Ay a U-statistic representation, we first sum together all m, which share the same
set of agents. Since there are p agents in each A, this gives p! different A that can be created

from a given set of agents. We denote these sets of unordered agents by 7. We have, for
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where u, = }%!Z/\ET my. The term wu, is a symmetric function of {5, X;, a;,v;} for p agents
i. Assuming that the {X;, a;, v} are i.i.d. over agents, Ay — ¢ is a U-statistic of order p and

we may apply standard theory on such statistics to compute its asymptotic distribution.

Theorem 3. Let Assumptions 1 and 2 hold. Additionally, assume that X;; = h(X;, X;)
where X; is an observed agent-specific characteristic, and also that (o, 7, X;) is i.i.d. over
1. Let

X1 = C’ov(uT, uT/),

for 7,7 such that T 7" = {i}. Then, for Vs = p*%,
VN(A; —8) = N(0,Vp).
Additionally, the variance estimator \A/(; in (21) is consistent, i.e. XA/(; — Vs.

The convergence rate in Theorem 3 is slower than the rate in Theorem 2. While m, and
my are conditionally independent when A and )\ share no dyads in common, the two are
unconditionally independent only when they share no agents in common. Since there are
many more sets A that share a single agent i than share a dyad (4, j), the variance of Ay —§

is an order of magnitude larger than that of A ~ — Ay, and so the convergence rate is slower.

Similarly to Theorem 2, the variance is dominated by covariances between sets A\ that share

exactly one node in common. The term ¥ is the covariance between u, and u,» when 7 and
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7’ share exactly one agent in common. A consistent estimator for this quantity is given by

~ 1 5

5_N ‘ /%27

~ (N —p)! =~ ~

Hi = N=1) Z (ma — 1), (21)
AGEN

. (NP
A

where fi; is the average over all sets \ containing agent i, m, is a plug-in estimator for my,

and i = Y, my is the overall mean.

Since the rate of convergence in Theorem 3 is N~'/2, there is in fact no asymptotic bias
generated by the incidental parameters. The bias from the estimation of the fixed effects is
of order N~!, which is smaller than the variation in the sampled distribution of fixed effects
around is population distribution. Nonetheless, we would still recommend bias correcting
estimators as it is likely to improve the finite sample properties of inference, in terms of
correct centering of confidence sets, with little or no cost in terms of additional variance.
In the panel data setting, Fernandez-Val and Weidner (2016) report such improvements in

simulations.

4.3 Examples

Theorems 2 and 3 suggest that the construction of confidence sets for estimates and hypoth-
esis testing may be performed in the usual way, by using the asymptotic normal approxima-
tions. Standard plug-in estimates for the variance expressions may be used. Here we provide

some examples of how these results can be used.

Example 1. Average marginal effect in a probit model

The average marginal effect in the probit model can be estimated using

. 1 /
A= MN—_UZ:;Bw(ﬁXiﬁaﬁ%),

where ¢ is the standard normal density function. In this setting we have A = (i,7) and

m;; = my; so that s;; = 0. The variance in Theorem 2 is then the standard delta-method
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variance of

Va = (0gAN)(Oge L) Q09 L) (D9 AN),

—1 [ !/
N(N 1) ; E[(O9lij + 0pls)(Dalij + Dpli)']

and standard plug-ing estimators may be used. A (1 — «)-per cent confidence set could be
constructed for Ay using 3] + cl_a/QVAl/Q/N, where ¢;_qo/2 is the (1 — a/2) quantile of the

standard normal distribution.

If instead we are interested in inference with respect to the population parameter ¢, Theorem

3 states that we may compute the asymptotic variance as
V= 3 2 (g 20 + 0 —28))
6_N A N—l Pij Pii .
i jF#i
A (1 — «a)-per cent confidence set for ¢ is AJ + cl_a/QXA/(;l/Q/\/N.
Example 2. Testing transitivity in a probit model
Recall that a statistic for testing the presence of transitivity is

1
AN:N(N— )(N_2)ZZ Z (Yij — pij)YirYes,

i g7 k#A{dg}

where p;; = E[Y;;|X, 8, ,7]. Fitting Y;; with a probit regression, we have p;; = ®(8'X;; +
a; + ;). Since my = E[(Y;j — pij)Yikij] = 0, we have Ay = § = 0 so we may determine

the asymptotic distribution of the test statistic using Theorem 2. We have

1
Sii =N 9 <(Yz’j — Dij)YieYj + (Yii — 05i) Vi Yii
k#{i.5}
+ (Yir — pin) Yig Vi + (Y — pji) YjiYin

+ (Yij — 01j) YeiYij + (Vi — pki)ykjy}i>-

From the likelihood for a probit model, we have ¢;; = Y;;log(p;;) + (1 — Y;;)log(1 — pyj),
Wthh giVGS aﬂ—gij = sz<Y1] — plj) and 85&] = HU<YZ] — pZ])Xw fOI' Hij = 90”/]?”(1 — pl])
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Also,

aﬁAN = _N(N ZZ Z Soz]pzkpkj iJ

i g k#A{ig}

- 1
aaiAN = — 5 g PijPikPkj
N(N - DIV - ) J#1 k#A{4,7} : ’

_ 1
0, Ay = — ©jiDjkPki,
! NN =N gk;} w

from which we can construct h;; using the estimated Hessian matrix and the formula given

in Theorem 2.

5 Empirical example

We illustrate the jackknife procedure on a data set consisting of a directed network of export
volumes between 136 countries (136 x 135 country pair observations) in 1990. The data are
taken from Santos Silva and Tenreyro (2006), and additional details on their construction
can be found in their paper. The outcome variable Y;; is the value of exports from country
1 to country j. We also use several covariates to capture homophily in trade relationships,
which include: log distance, the log of the distance between the capitals of the countries;
border, an indicator of whether the countries share a common border; language, an indicator
for whether the countries share a language; colonial, and indicator for whether either country
had colonized the other at some point in history; and trade agreement, an indicator for the

presence of a joint preferential trade agreement between the two countries.

5.1 Zero-inflated binomial model

Burger et al. (2009) propose a zero-inflated negative binomial model. The value of trade

between ¢ and j is given by the product of two variables Y;; = 2;;V}%, where z;; € {0,1} is

a binary decision to enter into a trading relationship, while ;% is the value of exports that

will be realized, conditional on z;; = 1. The binary decision is modeled using as a probit

function, while the latent outcome ¥;? is modeled as a negative binomial variable.
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In this example, the objective function is given by
F(Yii| X5, 0) = 1{Yy5 = 0}pj + (1 — pij)g(Yy5| X35, 0)
where 6 = (5, a,7,v), and

pij = ®(X;6° + of +7;5)

9(Yi] Xij,0) =

F(Yij-f-V) v )V Hig )Yz
L)Yyl v+ piy” v+
Mij = eXp(Xz(jﬁy +aj + ’Y]y)

The parameter v captures the degree of overdispersion in the model for Y%, with v — oo

57
resulting in a model with equal mean and variance (as in the Poisson), while smaller v lead

to greater degrees of dispersion.

Estimates of the parameters in the model are presented in Table 1. Most variables change
by only small amounts after bias correction. However, the effect of sharing a common border
on the probability of engaging in zero trade changes significantly after bias correction; while
the maximum likelihood estimate suggests that common borders are important for link
formation, the bias corrected estimate is no longer significant. This suggests that the sharing
a common border has little effect on the likelihood of engaging in trade, but does affect the
volume of trade. The results also suggests a substantial impact of trade agreements, both
on the probability of engaging in trade and on the volume of trade, a result that is robust to
bias correction. The overdispersion parameter v is less than a half, suggesting a significant
amount of overdispersion, i.e. export volumes have far greater variation across country pairs

than suggested by a Poisson model.

The rightmost column in the table reports the difference between the MLE and jackknife
bias-corrected estimators in terms of their standard errors. For a number of variables in the
model of export volumes, the change in estimate is around three-quarters of the standard
deviation or more, which has an important impact on inference. To give some idea of the
scale of these biases, a bias of three-quarters of a standard error is enough for a five per cent
test two reject around 12 per cent of the time (more than twice nominal size), while bias of

1.5 standard errors leads to a rejection rate of more than 30 per cent.
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Table 1: Zero-inflated negative binomial model

Coefficients
MLE Jackknife ~SE  (Bias/SE)
Zero model
log distance 0.721 0.721 0.029 0.00
border 0.628 0.157 0.120 3.93
language -0.330 -0.306 0.053 0.45
colonial -0.305 -0.282 0.056 0.41

trade agreement -1.168  -1.126  0.180 0.24
Volume model

log distance -1.243  -1.218  0.033 0.77
border 0.437 0.483 0.129 0.36
language 0.405 0.418 0.068 0.18
colonial 0.399 0.335 0.073 0.88
trade agreement  1.055 0.960 0.131 0.73
v 0.492 0.459 0.008 4.38

Table 2 contains estimates of the average effect of a regressor on expected export volume,
conditional on non-zero trade, over the distribution of regressors and fixed effects for trading
country pairs. That is, we calculate (for ny =3, >, 1{Y;; > 0})

— Z Z 1{Y:; > 0} Baist exp(ijﬂy + o + V;J)
1§

for the continuous regressor log distance and

= — Z Z 1{Y;; > O} exp(pY’ X ) 4 af + 7;1) - eXP(ﬁy/Xi(]Q) +af + 75’))
i jF#L

for binary regressors, where Xi(jl) sets the binary regressor of interest to one for all (i, j) and
XZ-(]Q) sets it to zero (leaving other regressors unchanged). Again, the jackknife bias correction
has an important impact on two of the effects; for example, the effect of a trade agreement
on expected export volumes decreases by about a quarter (more than a one standard error
change in magnitude). Note that, as is the case here, a small bias in the coefficient on some

variable does not necessarily imply low bias in the corresponding marginal effect.

36



Table 2: Zero-inflated negative binomial model

Average effects
MLE Jackknife ~SE  (Bias/SE)

log distance -116.2  -113.8 9.08 0.26
border 47.5 50.2 16.95 0.16
language 43.4 41.0 8.64 0.28
colonial 44.4 31.0 10.00 1.34

trade agreement  140.2 107.1 28.10 1.18

5.2 Testing for strategic interactions

To demonstrate the use of the jackknife for specification testing, we implement the test in
(15) in a binary model for the probability of country i exporting to country j. We test
for two types of strategic interaction: reciprocity, using S;; = Yj;; and transitivity, using
Si; = ﬁ Zk#m} YirYy;. In both cases we construct the statistics by estimating p;; using a
probit model and jackknife the statistic. Standard errors are computed using the expressions

in Theorem 2. Table 3 presents the values of the statistics as well as the standardized values
tN = NTN/\/ VT and tJ = NTJ/\/ VT for both tests.

For the reciprocity statistic, the jackknife bias correction appears to have little effect. The
statistic rejects the null of no reciprocity strongly suggesting that the existence of an export
relationship from ¢ to j increases the likelihood of ¢ also importing from j. This is perhaps
not surprising. It is important to note that the model considered in this paper allows for
reciprocity so that this conclusion has no impact on the validity of model estimates. The
presence of reciprocity does suggest that standard errors should be clustered at the dyad

level to account for correlation between the outcomes Y;; and Yj;.

Table 3: Strategic interaction tests

NTy NT; ity ty
Reciprocity 3.160 3.249 16.96 17.43
Transitivity -0.094 0.012 -6.75 0.88

In contrast, the jackknife bias correction appears to have an important effect on the transi-
tivity statistic. The uncorrected statistic leads to a rejection of the null, and the conclusion
that indirect paths of trade (exports paths from i to j through a third-party country) are

associated with a lower probability of a direct export relationship than is expected given the
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model. However, the jackknifed statistic is close to zero so that we do not reject the null

hypothesis that trade decisions are bilateral in nature.

5.3 Comparison with conditional logit estimator

As a comparison with an existing approach to the incidental parameters problem in networks,
we consider estimating a logit model for the probability that country ¢ exports to country j.
Under the logit specification, it is possible to estimate the common parameters in the model
by first removing the fixed effects. This approach has been suggested by Graham (2017) for
an undirected network, and Jochmans (2018) for a directed network. The conditional logit
estimator works by forming difference-in-differences style contrasts among sets of four nodes
(tetrads). Let

Y - (V)
ij,kl — 2

riju = (Xie — Xa) — (Xje = Xj)
Given the logistic specification

exp(8'Xij + ai + )
P }/; =1 X7 ) & =
= 11X B, 00 = By T+ )

and conditional independence of outcomes across dyads, we may write

exp(fB'ri;)
Plziiw=1zme{-11}X,0,a,v7) = ———— 22
(i = zijm € {=1,1}, X, B, 0,7) = 7 xp(F'r) (22)
That is, conditional on the event z;, € {—1,1}, the outcome z;; follows a logit model
without any fixed effect parameters. This allows us to estimate the common parameter 5 by
a standard logit regression of z;; 4 on r;; . in the subsample of z;; 1, € {—1,1}. Estimates

from this model, as well as the jackknife bias-corrected estimates, are shown in Table 4.

Interestingly, although the jackknife bias correction suggests little bias in the original logit
parameter estimates, the conditional logit estimates are significantly different. For example,
while the coefficient on distance is similar across the MLE and jackknife estimates (-1.34 and

-1.31 respectively), the conditional logit estimate differs by more than three standard errors.

There may be a number of reasons for such a discrepancy between the estimates. One
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Table 4: Coefficient estimates for logit model

MLE  Jackknife Conditional logit

log distance -1.341 -1.305 -1.125
(0.062)  (0.062) (0.059)
border -1.192 -1.157 0.866
(0.265)  (0.265) (0.268)
language 0.590 0.573 0.488
(0.105)  (0.105) (0.104)
colonial 0.509 0.493 0.579
(0.110)  (0.110) (0.106)
trade agreement  2.057 1.998 1.653
(0.407)  (0.407) (0.349)

Standard errors are shown in parentheses. For the MLE and
jackknife, the standard errors are those shown in Theorem 1,
while for the conditional logit standard errors are computed
using the asymptotic distribution in Jochmans (2018).

possibility is that the model is misspecified in the sense that the correct link function is not
the logistic function. In this case, maximum likelihood estimates a set of pseudo parameters
that represent the parameters that minimize the Kullback-Leibler distance between the logit
model and the true model (White, 1982). Since the jackknife theory does not rely on any
information equalities, the jackknife bias correction is asymptotically unbiased for these
pseudo parameters. In contrast, the conditional logit estimator estimates a different set of
pseudo parameters, those that minimize the KL distance conditional on z;;; € {—1,1}, for
a logit regression of z;;; on 7;;1,. To the best of our knowledge, there is no reason to suspect

that these two sets of pseudo parameters would coincide.

An alternative explanation is that the assumption of independence between dyads is violated
in the data. In this case, the likelihood function for the conditional logit will be incorrect,
since the identity (22) will no longer hold. In this setting the bias correction given by the
jackknife estimator is also likely to be incorrect since it will not account for bias terms

generated by the dependence across dyads.

6 Simulations

Here I demonstrate the effectiveness of the jackknife in simulations. I repeat the simulation

design of Dzemski (2019), which has also been used in a number of other network papers.
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Table 5: Fixed effect distributions

Name Ccl C¥ Density(@
bal —loglog N loglog N 0.50
llog  —loglog N 0 0.19
slog —log!/? N 0 0.12
log —log N 0 0.03

& Values are the average density over 100 simula-
tions in a network of N = 50 nodes.

The binary outcome Y;; is determined by
Yij = 1{9XZ] + «; + Y > 6ij}

where § = 1 and ¢;; ~ N(0,1). Individual 7 is characterized by the binary scalar X; =
1 — 2 x 1{i is odd}, and the homophily variable is given by X;; = X;X;, i.e. it is one for
pairs with the same sign and minus one for pairs with opposing signs. The fixed effects are
given by ‘

o =7 = O — 3 1(C% — C)
which is a sequence from C%; to C%. The value of (CY;, C'%) is intended to control the sparsity

of the network, and we consider four choices, shown in Table 5.

In the balanced setting (‘bal’), fixed effects range between +loglog N, generating a dense
network in which around half of all links are formed. Subsequent settings feature increasingly
sparse networks in which some nodes remain well connected, while others make few links.

In the sparsest setting (‘log’) only around 3 per cent of all links are formed.

I simulate the model 1000 times and compute the MLE, analytical bias-corrected estimate,
and both the standard and weighted jackknife bias-corrected estimates for each fixed effect

distribution.

Table 6 presents the bias, standard deviation, and rejection rates for a 5 per cent test of the
null hypothesis 8y = 1 for each estimator. As expected, the MLE is biased, with the size
of the bias increasing in the sparsity of the network. In each case, the bias is around one
standard deviation in size, resulting in substantial over-rejection. In contrast, the jackknife
estimator is approximately unbiased in the first two designs. In the sparsest design the
jackknife estimator does not appear to perform well, and shows similar bias to the MLE.

The weighted jackknife performs well, even in the sparse designs; it is unbiased in the first
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Table 6: Simulation results

Bias (mean) SD Rejection (5%)
NO Oyie Opc 05 Ouws Oure Osc 05 Ows Oyis Oc 05 Ouy

bal 50 0.06 0.00 -0.01 0.00 0.04 0.04 0.04 0.04 029 0.03 0.03 0.03
llog 50 0.07 0.01 -0.01 0.00 0.06 0.05 006 0.05 027 0.04 0.04 0.04
slog 50 0.11 0.02 -0.03 0.01 0.10 0.09 0.13 0.12 0.26 0.05 0.05 0.05
log 29 0.51 - -1.23 0.04 0.60 - 137 042 027 0.23 0.67 0.29

2 The top panel is N = 50, lower panel is N = 70; N is the average number of nodes in the connected network
b In sparse settings the analytical correction generated some extreme outliers. Median and 95-5 percentile
range are reported in Table 7.

Table 7: Simulation results - median and range

Bias (median) 95-5 range

N® Gyrp Opc 05  Ous Oure Osc 05 Ouy
bal 50 0.06 0.00 -0.01 0.00 0.14 0.13 013 0.13
llog 50 0.07 0.00 -0.01 0.00 0.19 0.18 0.17 0.18
slog 50 0.10 0.01 -0.03 0.00 0.27 0.25 0.23 0.25
log 29 023 0.11 -095 -0.06 155 1.38 4.24 1.13

* top panel is N = 50, lower panel is N = 70
b N is the average number of nodes in the connected network

three designs, and removes the majority of the bias even in the sparsest design. In each case,
the jackknife estimators have smaller standard deviation than the MLE (with the exception
of the standard jackknife in the sparsest design). Rejection rates are at or below the nominal

level in three of the four settings, although in the sparsest setting all estimators over reject.

Weighted jackknife

To help explain the properties of the weighted jackknife, we investigate how the weight given

to each leave-out estimate ;) correlates with the contribution of that estimate to the total

error of the jackknife estimate. Define

ety = (N = 1)Barze — (N — 2)Bu) — fo

as the contribution to the error 3 7 — Bo from a single leave-out estimate B(k). The total error
of the standard jackknife is simply the average of these errors B 71— Bo = ﬁ >k €(k), While

the weighted jackknife gives differing weights to different leave-out estimates. Figure 3 plots
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Figure 3: Weights (/W(k)) versus estimates (3(1@) in leave-out samples
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The y-axis is which measures the absolute error of the jackknife estimator using the single leave-out
estimate. The x-axis is the weight given to that leave-out estimate in the weighted jackknife.

the absolute value of these errors against their weights in the weighted jackknife across the

four simulation designs.

For the balanced design (upper left panel), which is the densest network, the weights are
concentrated around ﬁ ~ 0.02 with very little variation. In this case, the weighted jack-
knife is almost identical to the standard jackknife, as is clear in Tables 6 and 7. As the level
of sparsity in the network increases, so does the dispersion in weights and estimates across
the leave-out samples. In the sparsest design, C% = —log N (lower right panel), the weights
vary considerably, with many close to zero. Note that the sparser designs also exhibit large
outliers, with extremely large errors, but that these outliers typically receive weights close
to zero. It is this feature that appears to drive the success of the weighted jackknife over the
standard jackknife in the sparser designs (C% = —{log'/* N,log N} ) in Tables 6 and 7.

Simulations for leave-l-out style jackknife

Table 8 reports the results of simulations of the leave-l-out style jackknife in a network of
N = 101 nodes. The model is the same as that in the previous section, with fixed effect
distributions given in Table 5. Results are shown for [ = {5,10, 20,50}, which corresponds

to 20,10, 5, and 2 leave-out estimates in each case. The leave-l-out jackknife performs well,
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Table 8: Simulation results N = 101

Bias (mean) SD Rejection (5%)

l= 5 10 20 50 5 10 20 50 5 10 20 50
Standard jackknife
bal 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.05 0.06 0.04 0.05
llog 0.00 0.00 0.00 -0.01 0.03 0.03 0.03 0.03 0.05 0.05 0.03 0.06
slog -0.01 -0.01 -0.01 -0.01 0.04 0.04 0.04 0.04 0.05 0.04 0.05 0.09
log -0.09 -0.08 -0.13 -0.53 0.21 0.24 032 065 0.13 0.15 0.27 0.75
Weighted jackknife
bal 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.05 0.05 0.04 0.05
llog 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.03 0.05 0.05 0.03 0.06
slog 0.00 0.00 0.00 -0.01 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.10
log 0.01 0.02 0.02 -0.53 0.13 0.16 0.20 0.65 0.10 0.10 0.20 0.75

even for [ as large as 50 in the dense network scenarios. In the sparsest scenario, the jackknife
performs reasonably well for [ as large as 20, but appears to break down for [ = 50. For large
[ = 50, half of all observations in the network are dropped for each leave-out estimation,

which appears to create some issues when the network is sparse.

Comparison with other jackknife bias corrections

Finally, we compare the jackknife suggested in this paper to previous suggestions. Specifi-
cally, Cruz-Gonzalez et al. (2017) suggest two jackknife bias corrections for network models
of the type considered in this paper.” The first bias correction is based on a split-sample
approach. Divide the agents into two halves, A; and A,. Define Zi’\aﬁ /2 = %(Eowe A —{—Eaﬁe As)s
where Bowe 4, 1s the estimator that uses only observations in which the receiver is in the first
set of agents A;, and BCWE 4, uses only observations in which the receiver is in A,. Similarly,
define B\a/Z,'y = %(ﬁae Arpy +Bae 4,) as the average of the two estimators that split the sample

based on sending agents. A split-sample jackknife is given by
Bss = 35N - 5a/2,'y - ﬁa,'y/2-

The second bias correction is based on dropping all observations associated with a particular

9Cruz-Gonzalez et al. (2017) suggest these jackknife corrections for the network model although do not
prove their validity. Establishing the validity of the jackknife corrections requires the higher-order asymptotic
expansions that are derived in this paper.
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Table 9: Comparison of jackknife corrections

Bias (mean) SD Rejection (5%)
N(b) 9] ewJ gd 035 ‘9J Qw.] 6)d st ‘9J QwJ 6)d st
bal 50 -0.01 0.00 0.00 -0.02 0.04 0.04 0.04 0.04 0.03 0.03 0.05 0.06
llog 50 -0.01 0.00 -0.02 -0.04 0.06 0.05 0.05 0.10 0.04 0.04 0.03 0.11
slog 50 -0.03 0.00 -0.09 -0.26 0.11 0.09 0.25 0.31 0.06 0.05 0.07 0.43
log 29 -1.23 0.05 -1.18 -1.51 1.38 047 1.55 142 0.25 0.28 0.64 0.61

) J and @U J are the jackknife and weighted jackknife proposed in this paper. 0:1 and 553 are the ‘double
and ’ss2’ jackknife estimators proposed in Cruz-Gonzalez et al. (2017).

)

agent. Let E(i) be the estimate using only observations in the sub-network that excludes

agent 7. Cruz-Gonzalez et al. (2017) define the ‘double’ correction as
Ba= NBy — (N = 1) 2 B
d — N N < OF

Both jackknife corrections differ from 3 7 in (8), only B 7 preserves the distribution of fixed
effects in each leave-out estimate. This appears to be an important property for the jackknife
to perform well in settings with substantial unobserved heterogeneity. Table 9 reports results
from simulations of the same model discussed above for the standard and weighted jackknife
estimators as well as the split-sample and double corrections suggested by Cruz-Gonzalez
et al. (2017). As is clear from the results, although the split-sample and double corrections
appear to work well in the densest network DGP, they do not perform well in settings with
more heterogeneity and sparser networks. In particular, the split-sample correction has much
larger variance, and removes less bias than the leave-one-out style corrections (Hughes and
Hahn (2020) derive higher-order bias and variance expressions that explain this phenomenon

in the panel setting).

7 Conclusion

This paper presents a new method for bias correcting nonlinear dyadic network models with
fixed effects. We provide a novel formulation of the jackknife method that applies to networks
with both sender and receiver fixed effects. The jackknife method provides an ‘off-the-shelf’

procedure for bias correction that is easy to apply, and applicable to a wide set of models.
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It allows for discrete multivalued and continuous outcome variables, and is able to obtain

estimates of average effects and counterfactual outcomes.

In addition, we show how the jackknife can be used to bias correct averages of functions that
depend on multiple observations, including dyads, triads, and tetrads in the network. These
averages can be used to produce a wide array of test statistics for the presence of strategic
interactions in the network, such as reciprocity or transitivity. In simulations, we show
that the jackknife performs well, even in relatively low density networks, and outperforms

previous suggestions for jackknife procedures.

There are a number of interesting areas in which the work in this paper might be usefully
extended. The jackknife procedure developed in this paper applies to data on a single
observation of a network. It would be interesting to extend these results to networks observed
over multiple time periods, perhaps with the addition of time fixed effects. It is expected that
a similar jackknife procedure could also be used in this setting, with appropriate splitting
across the time dimension to account for dynamics in the network. The jackknife procedures
proposed in this paper may also be useful in the interactive fixed effect model of Chen et al.

(2021), and establishing their validity in this setting would also be useful.
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A Notation and norms

The notation in the appendices follows that in the main paper. That is, denote partial
derivatives of the objective function using subscripts, so that d3L(3, ¢) denotes L(3, ¢)/03
and so on, where ¢’ = (d/,7'). When functions are evaluated at [y, ¢y the dependence on
these arguments is dropped. We also use /;; as shorthand for the function ¢(Z;;,), with
Zi; = (Yi;, Xij). Let

S(B,0) = 0,L(B,0),  Sp(B8,0) = 0L(B, d)

be the first derivatives of the objective function. We also write

H(B,0) = =05 L(5, 0)

for the negative of the Hessian with respect to the fixed effects, a 2N x 2N matrix.
We follow Fernandez-Val and Weidner (2016) (FVW) in using the Euclidean norm ||| for

dim g vectors, and the norm induced by the Euclidean norm for matrices and tensors, i.e.
dim

1088L(8, D) || = max 1Y wvidss, s L(8, 9|

Rdim 8 ||y =1,|jv]|=1
RS B2 =1 =1 G
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In the proofs we sometimes take 3 to be a scalar to simplify notation, although the results
apply to any vector of fixed size. Since the number of fixed effect parameters in the model
grows with N, the choice of norm for dim ¢ vectors and matrices is important. Following
FVW, we choose the ¢;-norm for dim ¢ vectors and the corresponding induced norms for

matrices and tensors

dim 8
10660 L(B, )| = max 1> wkiBsgs £(5,0)|lq
u,weRIM &:||y||=1,||v]|=1 o1

See FVW for more details on these norms.

We define the sets B(r, 5o) = {8 : || — Bo|| < r}, for r > 0, and By(r, ¢o) = {¢ : ||¢ — doll, <
r}.
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B Asymptotic expansions

B.1 Verifying Assumption B.1 in Fernandez-Val and Weidner (2016)

The results in the paper are based on asymptotic expansions of the objective function.
Fernandez-Val and Weidner (2016) (FVW) derive expansions for a general class of M-
estimators with multiple incidental parameters, which includes the model studied here. In
order to determine the properties of the jackknife estimator, I extend the expansions in
FVW to higher-order, which requires additional conditions on the number of moments and
derivatives of the objective function that exist. Derivations of higher-order terms and their
bounds are quite long and largely similar to the derivations in FVW, and so are provided
in the Supplementary Appendix. This appendix contains analysis based on the first-order
expansions and focuses on results related to the jackknife, which are of most interest. To do
so, I begin by verifying the conditions in Assumption B.1. of FVW, which will allow us to
use some important results in that paper, including consistency of the common parameter

and vector of fixed effects.

As is the paper, we use £ to denote expectation conditional on exogenous covariates and
fixed effects. Let H = E[H], H = H — H, and similarly for other conditional expectations

and their residuals. As in FVW, we may write

1
+ NbUN’UEV

o [ﬁga e
,HWCV ,HW’Y

where H},, and ’7’-_127 are the diagonal matrices with elements

— 1 _
(o) = sy X Elocty
J#i
— 1 _
(Hw)u‘ T N1 ;E[&rzéﬁ]
j#i

and ., = (H:,)' has off-diagonal entries (7—7[27)2&. = —FE[0,20;;]/(N — 1) and zeroes in

diagonal entries. As in Lemma D.1 of FVW and Lemma A.1 in Dzemski (2019), we can

show that ™' is dominated by its diagonal elements
—_ . — o -1 _
|H b dmg(Haaa Hw) llmae = Op(N 1) (23)
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We now demonstrate that the conditions in Assumption B.1 of FVW hold; a similar proof
is provided by Dzemski (2019). Given the stronger moment conditions in Assumption 1, we
can choose ¢ = 16, ¢ = 1/(32 + 2v), 5 = log(N)N~*/4 and r, = N~%/16,

Assumption (i) holds trivially since N = T in the network setting, while (ii) follows from

Assumption 1.

For part (iv), by (23), the condition holds by Assumption 1 (v). Condition (v) follows
similarly to the proofs in FVW for the panel case. For example, we have by Assumption 1
(iii) for ¢ < 16

E[ sup sup N Z|— Z Opnlis|? }

BeB(r3,80) pEB,(r4,00) J#Z

E Dprlis])
< [ sup (%%)NZ Z’ Br ]‘ ]

BEB(rs.) €8, L
=B [ ZN—1Z (Zij)q}
J#i
= 0,(1)

and so

J0s0tlle = (Y5 o dstult)

Jaﬁz
=0 (Nl/q)

and similarly for |0, L|4, and hence |03, 4L||,. For part (vi) the proofs in the panel case
again carry over, for example see the proof in Lemma A.2 of Dzemski (2019) Inspection of
that proof shows that we can get the bound ||H|| = O,(N?2), for ¢ > 55, which will be

useful in the higher-order approximations.

Given Assumptions B.1 (i), (ii), (iv), (v), and (vi) we can apply Theorem B.3 in FVW
to establish consistency of the estimates for common parameters and fixed effects, and to
establish the bounds

sup ||$(/8) — Pollg = 0p(ry)
BEB(rg,B0) (24)

18 = Boll = Op(N~7%)
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B.2 Asymptotic expansions

The next lemma gives the asymptotic expansion for the estimated fixed effects and common
parameters. It is in part a restatement of Theorem B.1 in Fernandez-Val and Weidner (2016),
but the remainder terms are split into two parts. The expressions for the remainder terms are
given in the Supplementary Appendix, and are used to derive the properties of the jackknife

bias correction. The proof of Lemma 1 is provided in the Supplementary Appendix.
Lemma 1. Let Assumption 1 hold. Then,
6 —do=H'S
— W H T (00L) (Sp + (956L)H'S)
+ W_lﬂ_l(aﬁqbﬁ)% > (Ds06,) + (Dsr6, L)) [H S| H 'S

g

1. _ _
+ M " (Oppro, L)H TSI HT'S
g

+ Ry + R¢
=H 'S = WH(9p,L) (U +UW)

1 B _

+ M " (Opgro, L)HT'SIHT'S
g

+ Ry + Ry

and

NWy(f = Bo) =U® + UY + Ry + Ry

where

U = (05L) + (9 LYH 'S

and the remainders satisfy |Ryll = 0,(1), | Rall = 0p(1) and |Ryll = 0,(NY), | Ryl =
op,(N71).
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C Jackknife results for (3

Here we allow for a more general construction of the leave-out sets, but impose two important

conditions.

Condition 1. Let Z,, for k =1, ... N, be a partition of the observations in a network of size
N. Define 1§, = 1{(i, j) & Z)} as an indicator that the observation (i,7) is not included in

the k-th set. We impose the following conditions on the sets:
(i) Spk (1 —1%) = 1 for all (i, j)

(i) 3,1~ 18) = (1 — 15) = 1 for all 4, j, and .

Condition 1 imposes two important constrains on the sets Zy: (i) that they are mutually
exclusive, such that every edge (i,j) appears in exactly one of the sets, and (ii) that each
set contains exactly one observation related to each of the NV sender fixed effects a and each
of the N receiver fixed effects . The first condition ensures that all observations are used
equally in the jackknife, and is important for showing that the asymptotic variance of the
estimator is not affected by the jackknife. The second condition ensures that each fixed
effect parameter is affected equally in the leave-out sets, and that ﬂ(k) is well-defined and
positive definite. We assume in the proofs below that N, = N — 1 and that we are using
the leave-one-out jackknife. All of the results still hold for the leave-I-out style jackknife for
fixed I.

Some additional notation will also be useful for studying the jackknife estimates. Let A
be some statistic and A the same statistic in the k-th leave-out sample. We define the

jackknife operator J as

Additionally, we define a set of indicators that count the number of unique leave-out sets Zj

that a group of edges (i1, 1), -, (i, j¢) are contained in. Let

1 (i1,71),---, (i, j;) span exactly r of the sets Zj

, _
(#1,41)-+(8t,Jt) 0 otherwise
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Assume that the researcher randomizes the ordering of the N node labels by choosing, with
equal probability a labelling from the N! possible orderings. Since the ordering of nodes
is random, the indicator 1% is a random variable, with mean equal to the probability that
(1,7) & Iy across each of the possible orderings. There are N X (N —2)! ways to order the N
nodes keeping (i, j) € Z, for any fixed k, so that E[1%] = £=3. The following lemma states
that the expectation, over the randomness induced by the ordermg of nodes, of sums in the

leave-out sets is equal to that in the full sample.

Lemma 2. Let 1;“]- satisfy Condition 1, and define the sums over random variable A;; in the

full-sample and k-th leave-out sample

1
:ﬁjzz%

i g
g 2 2 Al

i J#

Then, we have that E[A] = E[Aw)] for any k=1,...,N — 1.

Proof. The proof follows simply from the fact that £ [12] = %‘ , where the expectation is
taken over the randomness induced by the random ordering of nodes. Note that the ordering

of nodes is independent of any other randomness in the sample, so that

[Awlfg] E[Awlm z]vaz‘a’Yj]
E[Aij| Xy, 0,75 E[1L]
N —2

mE[Az-leij, ai, ]
Then we have
_ 1 N —2
ElAw] = 57— Z g E[Aij| Xy, 0i, vl 57—
i gAi
= E[A]
as required. N

An important corollary of 2 is that H = ﬁ(k) and W = W(k)
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C.1 Jackknifing first-order expansion terms

We next use this result to show the impact of the jackknife operator on the first-order expan-
sion of N (B\ — ). From the expansion in Lemma 1, we have that a first-order approximation

is given by
NWy(B - B) = (U +UD) 4 0,(1)
where

UO = (05L) + (9p0 LYH 'S

UW = (09 LYH'S — (Op L)H"HH 'S
+ 5> (D806, L) + (Ope LYH (Dp009, L)) [H'S] H'S

The next lemmas demonstrate the effect of the jackknife on general sums of the forms in
U® and UW.

Lemma 3. Let 1% satisfy Condition 1. For A;; a mean-zero random variable, let

1
A= D A

s#i
Ay = ﬁ Z A1k,
s£i
Define the jackknifed version of A; as
A N
= 3] = (V= DA - (V=D 34

Then, AJﬂ' = Az
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Proof. First note that by Condition 1, 37, 17, = N — 2. Then, 37, Agy; = >_,; Ais s0 that

N-1

1
Api=(N-1A; — (N — 2)m ; Ay

1

=(N-1A; - (N - 2)m214is

SF1
1
“no1 2 A=A
SF#1

]

Lemma 4. Let 1?]- satisfy Condition 1. For A;; a mean-zero random variable with bounded

fourth moment, let

57&1 s#j
(Aa, A,)
{Z Alslzs}l 1., N7{ZASJ 5]}] 1., )
L5l S#]
= (Aa,ka A%k:)

and let B and By, be similarly defined vectors of sums involving mean-zero random variables
Bij. Assume that (A;j, Bij) are independent of (A, Bst) for (i,7) € {(s,t), (t,s)}. Define
the jackknifed term

Jo=(N —1)A’MB — —ZA’ MBy,

where M is a mon-random matriz that has O,(1) elements on its diagonal and O,(N™')
off-diagonal terms. Then we have: (i) E[Jo] = 0,(1), and (ii) Jo = 0,(1).

Proof. The most common choice of M will be H !, which satisfies the conditions for M by
Assumption 1 and the approximation property in (23). We show the proof using H !, but
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note that it holds for any M satisfying the conditions stated above. We have

AT'B=AH, B, +A,H, B,
+AH B, + ALH B,

v e vy

Recall that I (i7) (st
Zk 1531182 = (N 2)](17,3)(51‘) + (N - 3)(1 I(lzj)(st))

) is one whenever (z,7) and (s,?) are contained in the same Z, and so

== Z Aoa7i(7-—[;;)ijBa7j
Zg; [e%e" lJAlsB]t
1,) S#FL tF£]J
ﬁmﬂm: e 33 3 W
& 6,J  sFEL t#]
= ( — 1 — 2 ZZZ ao z]Asz]t] (2s)(5¢)
1,j s#i t£]
-+ (N ZZZ ao z]Asz]t - [’LS)(jt))
0,j  sFEL t#]

Then, we have
_ N —2 _
jaa :<N - 1)A;H;§/Ba — m ZA;JCH;(}/BCYJC

= ZZZZ a0 )i (AisBit) (1 = Liso) o))

i J s#i t#£j

Similar computations for the other three elements gives

Jo=(N —DA'H~ 1B——ZA H™ !By
= N Zzgg{ + (H )i

+ (Hod)s + () }(Aszat)( — L)
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Now, since E[A;Bji(1 — I(lis)(jt))] # 0 only when (j,t) = (s,17), we have

E[jo]Z(N_ N_2) ZZ{ + (Hoy i

i SFi

=0p(1)

since, for for i # s, we have (H_ L )is = Op,(N71) and (H_)s = O,(N71), while (H_,);; and

aao/ Y ay’

(H4)ss are both O,(N~1) also.
Next, let i = (H21)i; + (7-_[ it + (7—[ Dsj + (7-_[7_71,)5,5. We have

0,(1) i=jors=t

Fijst =
O,(N71) otherwise

We can decompose Jy as

t70 = ( Z Z < Z Z FzystAsz]t + Z Z FzystAsz]t
j s<i t<j s<i t>]
+ Z Z [ijstAis Bji + Z Z FijstAisBjt)
s>i t<j s>i t>]

= Jo1 + Joi2 + Jo21 + Jo22
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Then we have

BTl = (7= 22222 2 2 2 Ll

s<i t<g p<k q<l

X E[AisBthkpqu}( — 1(1- 1)1 = Lo

:<N_1 pE ZZZZFW A5 BRI(1= )

s<t t<j
+ (N 2 2 Z Z Z Z FzgstPsth A’LSBZSAjt ] ( - ZS)(jt))
j s<i t<j
= (N—l 2 N—2 Zzzrust Bzzt](l_[(lzs)(zt))
i s<t t<i

* (N Z Z Z szss [32 ](1 - [(1i5)(j5)>

i jF#i s<(iNj)

+ N2(N — 1)2(N —2)2 ZZZ Z N2F1238t ]E[ngtKl_](liS)(jt))

i jFL s<i t<j,t#s

T (N — 1 2 _ 2 Z Z Z FzzsthtuE Aszzs]E[A@'tBit] (1 - I(lis)(it))

i s<i t<t

P =3 o 2 Tas T BlAwBal B[4 Bl (1 = Tgg)

i JFL s£(ING)

2 1
i N2(N —1)3(N —2)? Z Z Z Z N?TijsiUstij B[ Ais Bis| E[Aj: Bje] (1 — Liisy (1))
i gL s<i t<jjits

= OP(N_I)

Where the last line follows from the properties of I';;5;. The same result holds for E [.702,12],
E[jo%m]a and E_’[~702,22]> hence Jy = Op(Nflﬂ) = 0,(1). O

The following lemma derives the forms of J[U®] and J[UW)].

Lemma 5. Let Assumption 1 hold. Then

Proof. For U® = (93L) + (9s L)H 'S we can appeal to Lemma 3 with A; = (95L); =
ﬁ Z#i Ogl;; and with A, = §; = ﬁ Z#i 0-l;;. Note that the jackknife operator is
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linear so that, since (9sy L)H " are fixed across leave-out samples (by Lemma 2),

J[0sL] = Z J[(9sL):]

I[(9s0 LYH™'S] =(3ﬁ¢'5)7:l L[S

Now, for U") we can appeal to Lemma 4. For the first term, (agd,/f)ﬂ_lé’ we set A;; = 8%!717
and B;; = 0,{;;. For the second term, (8%/5_)7-_[*1?:[7:[*18 we note that

O LYHFL = (O LY L, (9 LY
where the i-th element of (9 L)H 'H. o is

(O LYH ' H. 0, = (Oper L) Hg Horo, + (9o L) H i Hora,
+ (O LYH, wwl + (0 LYH e,

1
~Oser LYy —7 2 Owlis = 57— 2 (O )Mo, 0l
J?ﬁl Jj#i
(aﬁv’ﬁ Z Or &] —_ Z(aﬁv’ﬁ_)ﬁw_vlj aﬂzgij
J#z G

and similarly for elements of (9gy £)H"H. .. So we can let
= (O30 L) Hoa, + Opr LYH oy, + Dy LYHI L, + (05 LYH, ) D2l

and B;; = O;{;; in Lemma 4. Note that we have A;; and B;; mean zero and the moment
condition also holds by assumption. For the final term, we begin by demonstrating that
both H™ 37 (9pgre, L)H 'and H' Y (Dgerg, L) [7:[_1(85¢£_)}g7-_l_1are matrices that satisfy
the requirements for M in Lemma 4. The proof for the second term is shown, with the result

for the first term following nearly identically. Firstly,

Z(@ww L)[H(0ssL)],

= Z (g0 £) (Had) (950, L) + Z (Do L) (H32) (050, L)
+ Z Oy, L) (082, L) + Z Dpgrv. L) )., (05:,.L)
s,t

60



Taking the first of these terms, the (i, 7) element is given by
[D (Oswa. L) (Han) (050, L)]
s,t
= Z 0,610 L) Maa) (D50 L) Z > (06.0,0.L) (NH,) (950, L)
t  s#t
Now if ¢; = ¢; = «; then

Z(aﬁsid)gatZ) (g;;)tt(aﬂat‘é> = (8a§2) (7:[;014)”(@50412) = Op(l)

t
and if sz = ¢j =% then
o _ 1 . _
Z(a¢z¢;at‘c) (Hoca)tt<aﬁat£) = m Z(aozt’YQth)(Haoc)tt(aﬂat‘c) = Op(1>
t t#i
Finally, if ¢ # 7 then we have either 0, or

o _ 1 o _
Z(&bmgatE) (%;Olz)tt(gﬁatﬁ) = m(&ramgti)(H;i)tt(aﬁat£> = Op(Nil)

t

Identical results apply to the other elements in Y>_(9ppo, L) [H ™' (95 ¢£)} and hence we can
conclude that the matrix has O,(1) diagonal elements and O,(N ') off-diagonal elements.
It then follows that the same is true of ™" 3" (9gg06,L) [7:[_1(8%5)}97—[ 1. Then, we can
apply Lemma 4 with A = B = S to give the result. n

Lemma 6. Let Assumption 1 hold, and let /B\J be the either the jackknife, leave-l-out jack-
knife, or weighted jackknife estimator. Then, a first-order approrimation to the estimator is
given by

WNN(By — o) = U +0,(1)

where U®) = (95L) + (s LYH LS.
Proof. Recall from Lemma 1 that
NWx (5 — o) =UQ +UD + Rg + Ry

Since Wy is fixed across leave-out samples (Lemma 2), we can focus on the jackknife operator
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applied to the RHS. By Lemma 5 we have that J[U©® + U] = U©® 4 ¢,(1), while in the
Supplementary Appendix (S.4) it is shown that J[Rz] = 0,(1). Finally,

J[Rg) = (N —1)Rg — (N 5w ZRB
= 0p(1)
since each remainder term in the above is 0,(N7!). O

C.2 Approximation of Wy

The next two results show that the sample version of the Hessian for the common parameters

[ is consistent, and that it is approximately the same across leave-out samples.

Lemma 7. Let Assumption 1 hold. Then, for e > %

Wy — Wl = Op(N~2+%)
Wi,y — Wi || = Op(N~3+2)

Let WN = WN — WN, then
Wy = —56/35 + ((8ﬁ¢fﬁ)7'l_1(5ﬁ¢ﬁ) — (O LYH ™ (954 L))

The first term is ~955L = O,(N~1), since

]\172 [(aﬁﬂﬁ) ] _ 1 ZZZE aﬂﬂ’gw aﬁﬁ’gst)]

1,5 jFi t#s

Z > (E[0pli5)*] + E[(9pp i) (95 15:)])

T
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For the remaining term, we can decompose it as

o Osis LYH (D0L2) — - (D5 DY (Do)

= O YA (D0L) + - O LY (Do)

1
N
- .1 I
+ N(aﬁdﬁ)?’l Y(08sL) + W(@Wﬁ)(ﬂ = HT)(0s4L)

By Assumption B.1 of FVW we have

1 o A .
(D0 LYH (036 L)|| < Op(N7V?)
N

1 A\ 5 _
~1@ser LYH T (Dpo L) | < Op(NT)
Also,

1 o 1 o
1@ L) (T = HT) (Da0 L) < 11080 LIPIH T = HT|

= Op(N_§+26)

So we may write Wy = O,(N~2%2). For the leave-out term note that the moment bounds
in Assumption 1 (iii) imply identical bounds in the leave-out samples, simply by replacing
Oprli; with (aﬁwfw)lfj N since we can condition on the node labels so that lfj i
an O(1) constant. We can therefore apply the bounds in Assumption B.1 of FVW to the
leave-out sample, as well as || H || = O,(N~27%), and hence HH(}% —H Y| = O,(N~2t%).

Then, similar steps to the above proof also give ||[Wy, x) — Wy || = O, (N~2%%),

is simply

Lemma 8. Let Assumption 1 hold, then for all k

Wy — Wyl =0
IWa,iey = Wiyl = 0

Proof. We prove the first statement, since the proof of the second is identical. A first-order

Taylor expansion of WN gives

~

Wy = Wa(B,0) = W (Bo, ¢o) + 0sW (B, 8) (B — Bo)
+ 3¢/WN(5 ¢)( )
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where 3 and ¢ are intermediate values between (3, ¢o) and (B\, gg) From Assumption 1 and
the bounds in Assumption B.1 of FVW, we have that Wy is differentiable with derivatives
that are O,(1), since

85WN = Nagggﬁ + = N

- N(8B¢’£)H_l(8ﬁ¢¢’£)H_1(8B¢£)

(aﬁﬁwﬁ)ﬂil(a&ﬁﬁ)

= Op(l)

where + 9y L)YH ™ (Oppe L)H ™ (9sL) = O,(1) follows simply by expansion of the matrix
product and the properties of ™! in (23). Similarly,

1 N
N(aﬂﬁ¢’£)(¢ — ¢)

= (s LYH (Doaer D)3 — 60)

(D W) (6 — o) =

__Zaﬁcb’ﬁ YOp06, LYH T (955L) (09 — &)

< 2||¢ ¢||OO| ZZ aﬂﬁﬂ z]

i jFi
R o 2N
+ 16— ¢llcl 5 > (s LYH (D306, L)
g=1
R 12N
+ 16— Sllocl > (D50 LYH (s, LYH ™ (950L))|
g=1
= 0p(1) X 1|6 = Bl
Then, since ||§— Bol| — 0 and ||$— ®|loo — 0 by (24), we get the result. O
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C.3 Proof of Theorem 1

From Lemma 6 we have that

WyN(By = o) = (95L) + (Ip LY 'S + 0,(1)
1
“N_1 DD (Dstyy + Dyty)

i g<i

where Dglgij = 3567;]- - aﬂ—&'jEij for

Eij = —ﬁ Z Z FijStE’[a,Bﬂ'gst}

s t#s
Dijot = (Hoa)is + (Hoa)ss + (Hos )i + (H ) )it

7Y

The result then follows from a standard CLT argument, noting that (Dg&j + Dﬁﬁji) are
independent over (i,j). For the weighted jackknife, we use the fact that Lemmas 7 and 8,
and the triangle inequality give ||W; — Wy/|| = 0,(1) and hence

W5 Wy = I < W5 W) — Wall = 0,(1)

so that

1 - 17> -~ 1 o 1 - 1T o~
T W WanBy = =5 2 B+ =1 2 (Wi W — 1) By
k k k

“N_1 Z B(k) + 0, (1)

k

and hence the weighted jackknife is equal to the standard jackknife to first-order.

To show consistency of the plug-in estimator QO ~, we note that by Assumption 1 (iii), Dgl;;
has a first-order Taylor approximation that is a continuously differentiable function of the
parameters. Then by the continuous mapping theorem and the consistency results || B —Bol| —
0 and || — ¢[|sc — 0 in (24), Oy — Q as required (sce for example Lemma S.1 in FVW).
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D Jackknife results for average effects

We begin by stating a first-order asymptotic expansion for the average effect estimator
that will be used in the proof of Theorem 2. The proof of this result is provided in the
Supplementary Appendix.

Lemma 9. Let Assumptions 1 and 2 hold. Then

N(Ay — Ay) = (9sAN)N(B — B) + N0y An)(d — ¢)
N(¢ — 6) (Do AN) (9 — ¢) + RS + RY

1
5
= [(@sB) = (0 Bw)H 96 L)| W3 (U + U

g

where ||[RA|| = 0,(1), | BAll = 0,(N 1), [|[Rall = 0,(1), and ||Ral| = 0,(N 7).

In order to establish an equivalent asymptotic expansion for the leave-out estimators ﬁ(k)
we need to determine the value of expectations in the leave-out samples. The next lemma
does this, and is analogous to Lemma 2, which states the same result for averages over single

observations.

Lemma 10. Let 1% satisfy Condition 1, and define 15 = H(”)e/\ i for A a set of v obser-

vations (i, 7). Then, for sums

1
At

N
Agy = A1}
*) N—r—1|AN]Z g

we have
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Proof. We will prove that E[15] = 8= L+ O(N~2) from which the statement in the lemma

follows since

N
E[A,]
N — r—l]AN\Z B

:m;E[AA] _T_HAN‘ZEAAXO ~2)

= B[A](1+O(N™))

E[Aw] =

Let I be equal to the number of leave-out sets Z; spanned by the observations in A. Since

any observation is equally likely to appear in any leave-out set,
= E[§|I = s|P(I = s)

We begin by arguing that P(Iy = r) = 1 — O(N™'), that is, the sets A do not contain
multiple observations from within the same leave-out set with probability approaching one.
It is sufficient to consider sets A that contain p = 2r unique agents, since this case represents
the most likely scenario for A\ containing observations in the same leave-out set as within
a leave-out set no two senders can be the same, and no two receivers may be the same.
There are (N]f—;r), possible choices for the ordered set of agents in A. Then, there are at most
N(N—-1)(N—=2)(N—4)---(N —2r+2)(N — 3r +2) orderings of agents in A which span r
different leave-out sets (N (N — 1) choices for the first observation (7, j), then (N —2)(N —4)
choices for the second observation (s, t) since (s,t) cannot belong in the same leave-out set

as (7,7), and so on). This gives

N(N—=1)(N=2)(N—4)--- (N —2r + 2)(N — 3r + 2)
N(N—=1)---(N—2r+1)

P([,\ = 7’) 2
which is the product of 2r ratios each of which is equal to 1 — O(N~!), which implies
P(I;=1)=1-0(N").

Next, note that whenever I, = s, we have 1§ = 1 only if Z; is not one of the s leave-out sets
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spanned by A. This happens with probability (N;Q)/(Ngl) = %

r

Bt =S N, — )

— N -1
 N-—-r-—1
- N-1
— -5
P(I, =
+;N—1 (In = s)
and so
1 g N—7—1 _ r—1
(L= P =) < EMf) - == < = (1= P(ly = 7))
Since we have P(Iy =) =1— O(N™!), we can conclude E[1§] = 2= 4 O(N2). O

Lemma 11. Let A be a set of r observations (i, j) involving p unique agents, and Ay be the

collection of all such A formed by permuting the agents in X\. Then, under Assumption 2,
(i) 0yAN has O,(N~1) elements
(11) Ouat AN, Oayy AN, Ovor Anr, and 0./ An each have O,(N ™) diagonal elements and O,(N ~2)

off-diagonal elements

Proof. Let A, denote the set of p, sender agents in the observations within A, and A, the set
of p, receiving agents. There are |[Ay| = o N i ways of selecting the p agents in \. Among
these permutations, agent ¢ is a sender paﬁ times, while node j is the receiver p, E%—;gl

times. Using this, the first derivatives of Ay with respect to the fixed effects are

N Oa -
e IANI Z O
0y, Ay Z 0,y = Op(N™)
)\ €Ny
where the O,(N ) statements come from the fact that p, ¢ N ) , ( = p), = po/N. Anidentical

result applies to the diagonal elements of 9y Ay, i.e. &XiaiA ~n = O,(N~1) and 07]%A N =
O,(N~1) since they are sums over the same sets of A. Also, if the presence of i as a sender
agent implies that ¢ is also a receiver in A (e.g. the cyclic triangle {(4, j), (j, k), (k,4)}) then
it will be the case that 9,,,,Ax = O,(N~1) also (if this is not true it will be lower order).
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Next, consider the off-diagonal components of QWA N If po = 1 then Oy,q, Ay = 0, other-

wise, there are (p“) E N g, permutations that contain both ¢ and j as senders. Similarly, for

py = 2, there are (p;) Ex ;, permutations that contain both ¢ and j as receivers. Finally,
there are at most pop~ Ex ;, permutations in which 7 is a sender and j a receiver (this is an
upper bound since with ¢ in a particular sender position, not all receiver positions may be

valid for j). This, along with Assumption 2, gives the results

Duso; AN = Op(N7?)
Oaiyy AN = Op(N7?)
a z'YJA = OP(N_Q)
which demonstrates the lemma. O

Lemma 12. Let lfj satisfy Condition 1 and let 1% = H(i,j)e/\ 15“] Let A;j be a mean-zero

random variable with bounded fourth moment, and define

;1 ({Z Aistizt,..Ns {Z Agiti=1,.N)

s#i s#£j

= (Aav A )
ZAZS]-'LS}Z 1,...N>» ZAS] 5]}]:1,...,N)
71 s#j

= (Aa,ka A'y,k)

and let B and By be defined as

\A | {ZZB,\}Z 1, N,{Z Z By}ioa,.

s#1 ANEN;s s#j AEAg;
= (BavB )
N —
S b UD I YTINNINY) ) RTINS
s#1 AEN;s s#j AEAg;
= (Ba,ky B“/,k)

for mean zero By with bounded fourth moment. Assume that A;; is independent of Ay for

(1,7) € {(s,t),(t,s)}, and independent of By whenever A does not contain either (i,j) or
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(7,1). Define the jackknifed term

Jo =(N —1)A'MB — —ZA’ MBy

where M is a non-random matriz that has O,(1) elements on its diagonal and O,(N~')

off-diagonal terms. Then we have:

(i) B[] = 0p(1),

(i) Jo = op(1).

Proof. The most common choice of M will be H~!, which satisfies the conditions for M by

Assumption 1 and (23). We show the proof using #~!, but note that it holds for any M

satisfying the conditions stated above. We have

Al/}__[—lB _ A/ 7'_[_1B + A/ r}__[—lB
+AH B, + ALH B,

7Ty v

Let Ajs = {X : (i, 5) € A} be the set of A containing observation (i, s). The full sample and

leave-out versions of the first term are

1B, = Z Aa,i(}z;olé)ijBa,j
oI S 2L T s

6,J s tF] AEAG

i SRS X

6,J  sFEL t£] AEAj

(
N . )
N (N_T 1)(N 2 |AN’ ZZZZ Z (H;a)iinsB)\l)\

4, sAi t#£] AE(AjsNAis)

ol kqk
(N—T’—l)(N—Q)]AN|ZZZZ > (Hob)iAuBali1h

(2% '97&1 t7£.7 )\e jt\A’LS)

_|_

Let I, be equal to the number of leave-out sets Z, spanned by the r observations in A so that
>, 15 = N — I, — 1. As shown in the proof of Lemma 10, [{\ : I, < r}|/|Ax| — 0, that is,
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the fraction of sets A that contain two or more observations in the same Z; is a vanishingly

small. Using this, we have

N -2
J&X=UV—1)A“HMHB'—5F:I Al H o Bo

|AN|ZZZ > (ﬁai)finsBA<1_%)

[2¥) 8751 t#] )\e thzs)

R PR D DI WL i

6,J  s#1 t#£] Ae(Nji\Ais)

SLYSY Y b (i- 30
N 1,j  s#i t#j AE( Ijt<ﬁ/\zs)
AT

‘AN|ZZZZ Z ”AHBA(1_JJ\\7]—_;;\:12)

] s;ﬁz t#] )\e ]t\A'Ls)

Letting I';; = (7'1;01/)” + (7'2 it + (H )S] + (7:[_1’

Ty )st, similar computations for the other

three elements gives

_ N —2 _
Jo=(N —1)A'H'B — - > ALH B
k

WETY 3 (1)
| N| 1, s#ElL t#£] )\E(]]th“) -
AT

N-—-1,—-2
|AN| ZZZ Z z‘jstAz‘sBA<1 - —N—:— 1)

1, sF#L tF£j AE(A thsz\Azs)

S 3 55 DENED DI VRV AN R S
| N| 6,J  s# t#£] Ae(Aj\(AisUAs;)) T

=Jo1+ Jo2+ Jos

Next, recall that I';;; = O,(1) whenever i = j or s = t, and is O,(N~!) otherwise. Note

71



that E[Jy3] = 0 since A does not contain (i, s) or (s,4). Taking expectations we get

BRI D D) DD DR RN CEE vy

i SF#L AEN; s IZ<T

Y Y Y el )

v s#L tE{d,s} Ae(AgtNAgs): Iz <r

LYY Y Y anSE[AisBAJ(N]j—;ﬁl)

i §FL sE {4, Ae(AjsNAis): Iy <r

v D ID VD SRR I A ey

J#E s#L t#{s,j} Ae(AjsNAss): I <r

S TvaD 3D DD DNND DR VW AW N C ey

v s#L t#{d,s} Ae((AieNAsi)\Ass)

— [)\—7” 1
SETPD DD DD DLW CECsy

i gFL s#{i,5} Ae((A)sNAsi)\Ass)
N _ [)\ —r—+ 1
AL X Y TwBlnBl(3— )
i gL s#i tA{G,s} Ae((AjNAsi)\Ags)
=0p(1)

since, 275 = O(NTY), {2 = O(NTY), fild € Aww+ L < 7 = ON7?), {51\ €
(AN Ais) s Iy < 7| = O(N™?), and so on applying the results on the size of sets A, I, <,

and Fijst .
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Then,

333 3 33 ) I INPS

U s#i t#] p#k g#l >\6( ]t\(AzsUAm)) AE( ql\(ApkUAkp))

_ Iy—r+1\/Lv—r+1
LijstUipg B[ Ais B Ap By (]\Af —r— 1) (J\Af —r— 1)

S TODHHHH IS >

U s#i t#7 q#l Ae(Aji\(AisUAg)) N e((AgiN(AeUAL; )\ (AisUAg))

Dijsilisg Bl Ais(Ais + Agi) | E[BABy/] ([/\ - 1) (L\/ — 1>

N-—-r—1 N—-—r—1

HCODDHHHHH IS >

Il s#i t#j) p#k q#l )\G( Jtﬂ(ApkUAkp)\(AZ'SUASi)) )\G(Aql(AiSUAsi)\(APkUAkp))

_ _ Loty Iy —r+1
it i) (=2 (B
Note that - ‘\)\ € (A \(AisUA))| = O(N™Y), while A ‘\X (AN (A UA))\(AisUA))
is O(N1Y) if (q,1) equals (¢, ) or (j,t), O(N~?) if either q € {t,j} or l € {t,j} and O(N 3
(%:;ﬂ) Izi,’::jll) = O(N7?). Combl_mng these facts with, I';;s = O,(1
whenever i = j or s = t, and O,(N~") otherwise gives E[J55] = 0p(1).

|
)
)

otherwise. Also,

An almost identical analysis applies to Jp1 and Jp 2, giving the result Jyp = 0,(1). O

The next lemma states the first-order approximation for the jackknife bias-corrected average

effect estimator.

Lemma 13. Let Assumptions 1 and 2 hold and let AJ be the jackknife bias-corrected esti-
mator in (12). Then,

N(A; — Ay) = [((%AN) — Ny Ay)H  (9550) | W U©
—+ N(ad)/AN)?‘_[ilS -+ Op<1)
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Proof. We can write an expansion for the leave-out estimate

N(Bpy = Ay) = [(958x) — (O AV (05L)| W3 (U + UL
+ N(a¢/AN)7:[_18(k)
+ N(a¢/A(k))7:[_1S(k) — N(Q(b/AN)?:[_l']:[(k)?:l_lS(k)

1, . N
+ 5 NSH 1((3¢¢'AN)+Z(3¢¢'¢g£)[(a¢'AN)H I]g)H 'Sk
g
+ R(k),A + R(k),A

where Ry a = 0,(1) is the version of Ra in the leave-out sample and Ry a = 0,(N~!) is the
leave-out version of Ra combined with the error from replacing terms like dsA 1y with 9sA
(i.e. applying the result in Lemma 10). Using the expansion for the leave-out estimate, we

can apply the jackknife operator to each line above.

For the first term, we apply the result in Lemma 5 to give

J [((85&\,) — N(9y An)H (955L)) Wi (U + U(l))}
= ((05AN) — N(Oy An)H " (056L))Wx U + 0,(1)

Similarly, Lemma 3 implies that jackknifing the second term gives N (9yAn)H™'S.

For the third term, we note that by Lemma 11 we can apply Lemma 4 with M = H™1,
A=38, and B = N(OyAx)H 'H, and apply Lemma 12 with M = H~', A = S, and either
B = N(0yAy).

For the fourth term, we first show that

NH! ((&WAN) + Z(%w%ﬁ_)[(&b'AN)ﬂ_l]g)ﬂ_l

g

satisfies the conditions for M in Lemma 4, from which we will be able to conclude that the
jackknifed term will be 0,(1). The above expression is non-random (conditional on exogenous
regressors and fixed effects) and so we must demonstrate that it is a 2N x 2N matrix with
O,(1) diagonal elements, and O,(N~!) off-diagonal elements. Note that if two 2N x 2N
matrices both have O,(1) diagonal elements and O,(N~') off-diagonal elements, then their
product also shares this property. Since this is true of #~!(see Lemma D.1 in Fernandez-
Val and Weidner (2016)), it remains to demonstrate this fact for the terms N (945 Ax) and
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N 323 (06070, L) (0 A )H ™.

By Lemma 11 we have that N(9,yAy) has O,(1) diagonal elements and O,(N~!) off-
diagonal, with the possible exception of the elements 8%.%5 ~- However, this still implies
that NH 1 (0ps An)H ! satisfies the condition. For NZg(8¢¢/¢g£_)[(8¢/AN)7-2’1]9, diagonal
elements are given by (for i < N)

[N (o, OO Br)H ], |

= N(OaiatoL)H ™ (9AN)
=N Z(ﬁ;;)St(aaiaiasZ)(aOétAN) + N Z(ﬁgyl)st(aaiaias£_> (a’YtAN)

s,t
+ N Z(ﬂ;;>5t(8aiai732)(a@tAN) + N Z(ﬂ;«})st(aaiawsz) (thAN)
s,t s,t
ZZ ao zt 7T3€’L] (aatAN ZZ afy st (a AN)
t g7 t g#
ZZ 'ya st 7T3£ZS (aatAN ZZ 77 st 7r3€zs (a'ytAN>
t s#i t s#

which is O,(1) since by Lemma 11 and Lemma D.1 in Fernandez-Val and Weidner (2016),
and similarly for ¢ > N. Off-diagonal components can be shown similarly, e.g. for i < N

and j > N we have

[N Z(@WI%E)[(C(MAN)Q_I]Q} .

ij
g
= N(OaoL)H " (0sAN)
= N (o)t (Oninya, £) (Oa Ax) + N Y ()t (Duiny £) (02, Aw)
s,t s,t

+ N Y (Hr)st Oy £) (00 AN) + N D (H1) (i, £) (D5, An)

s,t s,t

N _ _ _ N B
= N —1 (Hoai)’lt(aﬂ‘?’élj)(aatAN) + m Z(Ha'i)st<aﬂ'3€ij)(a’)/tAN)
t

+ %Z(Hﬁ)jt(aﬁzﬁ)(a Ay) + %Z(ng)jt(aﬁg%)@%Am

which is O,(N™'). Finally, in the Supplementary Appendix (S.4) it is shown that J[RA] =
0p(1), and by RA,(k) = 0,(N7!) for each k (and in the full sample) we have that (N —
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2)Ra k) = 0p(1) and (N — 1)Ra = 0,(1) so that the jackknifed version of this term is also
op(1). O

D.1 Proof of Theorem 2
We can decompose A ;7 — Ay into

Aj—Ay = (AJ —Ayn)+ (Ay — Ay)
From Lemma 13 we have

N(A;— Ay) = [(05AN) — Oy ANVH (s, L) | WU
+ N0y AN)YH 'S + 0,(1)

Some tedious matrix algebra shows that this expression is equivalent to

N(Ay—Ay) = —N@AN)(awz)*l(a@ﬁ)
= (— N(3pAn)(Oper L)~ Z > 0ty

1 jFi
1 .
1 Z Z hij
i g
where 0" = (3, ¢'), and fzij = —N(@gAN)(ﬁggllj)_lagﬁij. Next, let 5;; = ﬁ ZAE% (my—my),
where A;; = {\: (¢,7) € A}. Then
N(Ay —Ay) = |AN| Z my —m,)

L 3) D) S

1 J#L A€

—_122%

1 j#i
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since |A;| = T%. We then have
- 1 -
N(A;—An)=5— D> (hij+5i5) +0,(1)
i i
which is asymptotically normal by a standard CLT. We now determine the variance of this

term.

VC””(Nl_ 1 DO (i +35) = rll)g S Bl + 5i5) (hat + 5a1))

i g i j#i s s

N-p)! =
where s;; = EN——];%! Z,\G(AijuAﬂ)(mA — 1my).

Let D(\) be the set of dyads formed from the observations in A, i.e. if (i,7) € A then
(i,7), (4,7) € D(X). Assume that A and A both contain the observations (i, j),(i, k). There
are O(NP73) sets A\ containing the corresponding dyads, so that there are O(N?*~3) such
A, N pairs (O(N?) choices of (7,7, k) and O(NP~?) choices for each of A and )'). Similarly,
there are O(N?~%) X\, X pairs that share two dyads made up for four agents, (i,7),(k,1).
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Using this,

11
(N — 1) -

e 3 3 35 3 D) DR (CIEIEHE)

(N 2
i JFL AEN;; s t#FEs NEAg

— ‘/iVT’Q Z ZE_‘[(mA — m)\)(m/\/ — m)\/)]

“ns Y X Bl - ma)(my - )]

A N:D(A)ND(N)|=2
N2
4+ —
|AN|2 Z
A N DA)ND(X)|>2

= \/iVT]? ZZ Z Z E[(mx —my)(my —my)]

i 3<i Ae(AyUA;) No DONNDON)[={(i.9), ()}

E[(mx —my)(my —my)]

N? - _ _
AN 2 B(m = 3)(m = )]
A N:DA)ND(N)|>2

S>3 JD DI DI (SN NE)

7 7<t )\E(AijUAjz‘) )\’E(AijUAJ‘i)

N? _

AN 2.2 2 > Elma—my)(my —my)]

i J<i A€(AgjUAj) N E(AijUA;):
[D(A)ND(X)[>2

+O0p(N )
- L L Bl + o0

i j<i
This implies that

Var(Nl_ 1 Z ;(hij +35yy)) = (N—il)Q Z ; (EWL@']’ + hyi)?]
+ QE[(iLij + ilji)sij] + E[S%]) + 0p(1)
- (N—il)Z D> E[(hij + 54)°] + 0,(1)

i j<t

for h;; = fz,»j + 71]1 The asymptotic variance of N (3 7 — Ay) is given by the limit of this
expression. Assumptions 1 (iii) and 2 (ii) guarantee that both h;; and s;; have first-order

approximations that are continuously differentiable in the parameters, so that the continuous
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mapping theorem and the consistency results ||3 — Bo|| — 0 and [|¢ — ¢|oo — 0 in (24), imply

consistency of the plug-in estimator for Va (see for example Lemma S.1 in FVW).

D.2 Proof of Theorem 3

We begin with a U-statistic representation of Ay, which will allow us to apply standard
asymptotic results on U-statistics. We have defined m to be a function of the sets A,
which depend on an ordered set of p agents. For example the transitive triangle A =
{(4,7), (i, k), (k,j)} depends on the agents {7, j, k} in a non-symmetric manner. We first
rewrite Ay to be a sum over functions that are symmetric in agents. Denote the set of
agents in A by N(A), and let n = {iy,...,4,} be some set of p agents. Then we may define
7, = {A : N(\) = n} as the collection of all A that contain the same set of agents. Note that

|7,| = p!. We have, for m = m — E[m]

AN_(S:J\fm(f\fl—zﬂrl);mA
! s
:N...(]\f_ijl)Z(%!;mA)
A !
:<p> ZUT

where u, = z% > ser Ma. The variable u, is symmetric function of {3, X;, o, v;} for p agents

i. For example, there are 3! = 6 possible transitive triangles using agents {i, j, k} so that u
is the average of the function m evaluated at these 6 different triangles. Assuming that the
{X;, i, v} are i.i.d. over agents, Ay — d is a U-statistic of order p and we apply standard
theory on such statistics to compute its asymptotic distribution. As in Theorem 12.3 in
van der Vaart (1998) we have

VN(Ax —8) = N(0,p°C))
where, for 7 and 7/ sharing exactly one agent in common,

¢ = Cov(ur, uz)
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An estimator of (; is

The variance of ¢; is given by

N —

Var(t;) = ( E [ty ]
p= THUET T’ ier’
N —
= ( Elu,u.
p—=

TRET ThirNT! —{ i}

Elu .

+
VRS

p—

THET T/ ZGT
TN/ |>1

N —

Eluyuy] +o(1)

) E
) E
>
)

b= TUET T/ TOT—{}
(N —p)ip—1)! (N —p)!
(N—l). (N_2p+1)!(p_1)!C1+0(1)
= (1 +o(1)

To explain the final line, there are (]Zjll) ways to choose 7 containing 4, and (N f) ways

to choose the remaining p — 1 agents in 7’ so that 7 and 7’ share only agent 7 in common.
The first term is therefore O(1). Now assume 7 and 7" share two agents in common (one of
which is 7). There are N — 1 choices for the second common agent, (]; _22) ways to choose 7
containing ¢ and the second common agent, and ( 2) ways to choose the remaining agents in
7/. This implies that the sum for 7 and 7/ with two agents in common is O(N~!). Similarly,

the sums for three agents in common are O(N~?) and so on.

This implies that the variance of ¢; converges to (;. We can alternatively express this variance
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as

Var(t;) = (];7 __11) - SN Bluu

TUET T/ HeT!

-(Y7)) S T AT A i)

THeT v/aer! )\ET " Ner

0 B g

p = AGEN N iEN

- #E (=t S

AEN

An estimator of p*(? is therefore given by
PO
- N Z H;
N —p)!
_ 1) Z My =

—~

[ =

E

ﬁ:

yM

and m, is a plug-in estimator for m,. Assumption 2 and consistency of parameters H(E —

dollso — 0, |3 = Boll = 0 ensures consistency of iy and hence consistency of V.
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