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Abstract

This paper studies estimation and inference in a dyadic network formation model
with observed covariates, unobserved heterogeneity, and nontransferable utilities. With
the presence of the high dimensional fixed effects, the maximum likelihood estimator
is numerically difficult to compute and suffers from the incidental parameter bias. We
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est, which is further refined to achieve v/N-consistency via split-network jackknife and
efficiency by the bootstrap aggregating (bagging) technique. We establish consistency
for the estimator of the fixed effects and prove asymptotic normality for the uncondi-
tional average partial effects. Simulation studies show that our method works well with
finite samples. We provide two empirical applications, one using the Nyakatoke risk-
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and obtain economically meaningful results.
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1 Introduction

Our society and economy do not exist in isolation; they are inherently connected through
complex networks of relationships and interactions (Banerjee, Chandrasekhar, Duflo, and
Jackson! (2013)); |Acemoglu, Ozdaglar, and Tahbaz-Salehi (2015); Konig, Rohner, Thoenig,
and Zilibotti (2017)); Battaglini, Patacchini, and Rainone| (2022)). These networks play a
pivotal role in shaping the decisions and behaviors of individuals, organizations, and insti-
tutions. For example, a consumer’s purchasing decision may be swayed by the opinions of
friends, or a company’s strategic move could be shaped by the actions of competitors within
its network. Understanding the structure and dynamics of these networks is therefore cru-
cial for analyzing how decisions propagate through society and the economy. This makes the
study of network formation—how these networks come into existence, evolve, and influence
behavior—an essential area of inquiry. By estimating and understanding network forma-
tion, we can gain insights into the underlying mechanisms that drive social and economic
phenomena, ultimately leading to more informed decisions and effective policies.

This paper studies efficient estimation and inference in a flexible dyadic network forma-
tion model with observed covariates, unobserved heterogeneity, and nontransferable utilities
(NTU). We consider one single large network which is arguably the most common type of
network data available in empirical studies. By “efficient,” we mean that our proposed esti-
mator achieves the Cramér-Rao lower bound asymptotically, and a computationally efficient
algorithm is provided. By “flexible,” we include both observed pairwise covariates for study-
ing homophily effect and unobserved individual fixed effects that can be arbitrarily correlated
with the observed covariates. Consequently, our model can capture rich forms of heterogene-
ity among agents in the network. Finally, in contrast to a large body of work (e.g., |Graham
(2017)) that considers transferable utilities (TU), we model real-world social interactions
by requiring bilateral consent which is captured by NTU. For instance, friendship is usually
formed only when both individuals in question are willing to accept each other as a friend, or
in other words, when both individuals derive sufficiently high utilities from establishing the
friendship. It is even more prominent in business networks since no firm would want to deal
if it incurs a loss from the transaction when there is a lack of mechanism to guarantee profit
redistribution. Moreover, as pointed out by (Gao, Li, and Xu (2023), NTU can effectively
incorporate homophily effects on unobserved heterogeneity, which is another advantage over
TU.

The combination of unobserved individual fixed effects and NTU poses significant chal-
lenges for estimation and inference. First, the requirement of bilateral agreement to form a
link under NTU breaks down the additivity in the fixed effects in the utility surplus func-



tion, i.e., the linking probability between two individuals is no longer additively separable
in their fixed effects, which makes infeasible the arithmetic differencing based methods (e.g.,
Toth (2017); |Candelaria; (2024)) to cancel out the individual fixed effects. Second, includ-
ing individual fixed effects leads to a high-dimensional optimization problem for maximum
likelihood estimation that is known to suffer from computational inefficiency and instability.
Third, in the presence of high-dimensional fixed effects, it is difficult to verify concavity of the
log-likelihood function, which is required to ensure the existence of the global minimum of
the criterion function. Moreover, with the fixed effects treated as incidental parameters, the
maximum likelihood estimators for the homophily parameters are biased (Moreiral (2009)).
Fourth, the Jacobian matrix of the moment equations used to construct moment estimators is
asymmetric due to NTU, making existing methods for asymptotic analysis that works under
TU not directly applicable (e.g.,|Chatterjee, Diaconis, and Sly (2011)); |Graham| (2017)); [Yan,
Jiang, Fienberg, and Leng| (2019); Candelarial (2024)). Last but not the least, many existing
results are based on the assumption that the distribution of the idiosyncratic shock is logistic
(e.g., |Chatterjee, Diaconis, and Sly| (2011)); Graham| (2017)); Yan, Jiang, Fienberg, and Leng
(2019)). It is unclear whether the conclusions still hold when a different distribution for the
shock is used. Thus, a new method is called for to deal with these challenges.

In this paper, we propose an easy-to-compute bagging estimator for the homophily pa-
rameters that deals with the issues discussed above. We prove its asymptotic normality,
VN —consistenc and efficiency. Our paper is the first one in the literature of dyadic net-
work formation with NTU that has inference and efficiency results. The new bagging esti-
mator involves three steps. First, we propose an initial joint method of moments (JMM)
estimator that solves a high-dimensional system of moment equations. The JMM estimator
is not v/N-consistent, nor is it efficient. Nonetheless, we show that it satisfies the conditions
for [Le Cam| (1969)’s one-step approximation to the MLE. In this step, we also estimate
the high-dimensional fixed effects and prove their uniform consistency. Second, we plug the
JMM estimator into Le Cam (1969)’s approximation step and obtain the one-step estimator
that is asymptotically equivalent to the MLE. The one-step estimator is—similar to the MLE
(Moreiral (2009))—efficient but not v/N-consistent. To correct for the bias while maintaining
its efficiency, we use the bootstrap aggregating (also known as “bagging”) method from the
machine learning literature (Breiman| (1996)); [Hirano and Wright| (2017))) for split-network
jackknife on the one-step estimator to obtain the bagging estimator. As far as we are aware,
the application of the bagging method is novel in the context of network formation literature.

As two extensions, we provide a consistent estimator and prove its asymptotic normality for

1By “yv/N-consistent,” we mean the asymptotic distribution of the estimator after centering at the true
parameter and multiplied by v/ N has mean zero.



the average partial effects (APE, see (2023)) and discuss how misspecification of the
link function affects the analysis, the latter of which is much less considered in this literature
(Graham) (2024)).

In simulation studies, we find our proposed estimators for the homophily parameters,

individual fixed effects, and APEs all work well. We present two empirical applications.
First, we apply our method to the risk-sharing network data of Nyakatoke (De Weerdt| (2004));
De Weerdt and Dercon| (2006)); De Weerdt and Fafchamps (2011)) and obtain economically

meaningful results. Our empirical findings complement the results of Gao, Li, and Xu| (2023)

by showing that wealth differences do not have a statistically significant impact on the
formation of links. Second, we use the well known microfinance network dataset (Banerjee

et al.| (2013, 2024)) to show how our method works in capturing important network features

such as average degree, clustering effect, and number of isolates. By adding only one more
parameter to capture triangles, we find that the extended model captures most network
features well.

We discuss two important limitations of the paper. First, we require correct specification
of the link functions. When the link function is misspecified, we prove theoretical properties
of these estimators in Section and provide their finite sample performance in Section [5.3]

Second, we do not consider interdependent link preferences; instead, we focus on modeling

individual heterogeneity via fixed effects and NTU. Following (Graham| (2017), we briefly

discuss how to test the hypothesis of no interdependent link preferences in Section [7]

1.1 Literature Review

Our paper belongs to the literature that studies dyadic network formation in a single
large network setting. An incomplete list of the papers in this category include
and Diaconis| (2011, |Chatterjee, Diaconis, and Sly| (2011)), [Yan and Xu| (2013)), [Yan, Leng,
and Zhu (2016a)), |Graham| (2017), Charbonneau (2017), [Jochmans| (2017)), [Toth| (2017)),
Dzemski (2019)), [Yan, Jiang, Fienberg, and Leng (2019)), |Gao| (2020), Zeleneev] (2020), Gao,
Li, and Xu| (2023), [Hughes| (2023)), Candelaria (2024), Qu, Chen, Yan, and Chen (2024)). See
\Graham| (2020) for a comprehensive review. Most of the papers in this list except
consider link formation with TU, which generally allows one to cancel out the

individual fixed effects by arithmetic differencing. In a semiparametric network formation

model, |Gao, Li, and Xu (2023) propose a logical differencing technique to cancel out the

fixed effects without imposing any distributional assumption on the idiosyncratic shocks.
However, they do not have inference results for the homophily parameters, nor do they have

an estimator for the fixed effects. In contrast, we consider a flexible network formation model



with known distribution of the idiosyncratic shocks to link formation and prove asymptotic
normality for our estimators of the homophily parameters. We also provide /..-consistent
estimators for the high-dimensional fixed effects and prove asymptotic normality for the
unconditional APEs. Therefore, we consider our paper to be complimentary to|Gao, Li, and
Xu/ (2023)).

Our paper builds on the highly influential paper by |Graham (2017) who considers network
formation problem with TU.|Graham| (2017 proposes a novel tetrad logit estimator, which is
not directly applicable to our setting with NT'U even when the link functions are logistic. The
joint MLE of |Graham| (2017)) relies on both the link functions being logistic and TU to solve
for the fixed effects as solutions to a system of fixed point equations. Our one-step estimator
does not require the logistic assumption and we introduce a new stochastic gradient descent
type algorithm to estimate the fixed effects. Furthermore, our method deals with several
theoretical and computational challenges, such as non-concavity of criterion function, non-
stability of optimization procedure, high-dimensionality of parameters, that are common with
MLE’s. Finally, we propose a bagging split-network jackknife estimator that achieves both
v/N-consistency and the Cramér-Rao lower bound. More recently, (Graham| (2024) studies
sparse network asymptotics for logistic regression under possible model misspecification. He
shows that the parameter that indexes the logit approximation solves a particular Kullback—
Leibler Information Criterion minimization problem, and proves asymptotic normality of
the logistic regression coefficients. This paper is different from |Graham| (2024) in that we
consider network formation with NTU, which is effectively ruled out by his use of composite
likelihood to cancel out the individual heterogeneity.

Our paper is also related to Hughes (2023)), who considers a parametric link formation
model with TU and fixed effects and proposes a jackknife estimator for bias-correction.
His results are not directly applicable to NTU due to the asymmetry of the Hessian matrix.
Moreover, we propose a one-step split-network jackknife bagging estimator that both achieves
the Cramér-Rao lower bound and is easy to compute. Recently, Qu, Chen, Yan, and Chen
(2024) study inference in semiparametric formation models for directed networks with TU
and propose a projection approach to estimate the unknown homophily parameters. Their
model of directed network formation with TU and method which relies on the existence of a
special regressor are different from ours. There are also papers dedicated to semiparametric
or nonparametric undirected network formation models with TU and unobserved individual
heterogeneity, e.g., Toth (2017) (maximum rank based method), (Gao| (2020) (identification
strategy based on an in-fill and out-expansion strategy), Zeleneev| (2020)) (pseudo-distance
type argument to identify agents with same fixed effect), Candelarial (2024) (special regressor
based method, which is also used in Qu, Chen, Yan, and Chen| (2024)). Recognizing the



possibility that the distribution of idiosyncratic shocks to link formation can be misspecified,
we prove theoretical results under such misspecification, and provide simulation results to
justify the use of our estimator.

The insights from large 7" panel data literature (e.g., Hahn and Newey| (2004)); Hahn
and Kuersteiner| (2011); Dhaene and Jochmans (2015); Mei, Sheng, and Shi| (2024)) shed
light upon important issues in network formation problems. See Fernandez-Val and Weidner
(2018) for an excellent review of this literature. Fernandez-Val and Weidner| (2016)) study
nonlinear panel models with large N and T in the context of a broad class of maximum
likelihood models with fixed effects. Their general results are applicable to network data
wherein N and T" grow at the same rate in asymptotics. Their key assumptions include that
the log-likelihood function is concave and that certain derivatives of functionals of the fixed
effects satisfy a sparsity assumption, which are different from ours. As a result, their method
differs from ours substantially. It is worth pointing out that in their footnote 8, Fernandez-
Val and Weidner| (2016)) discuss how to avoid ambiguity and arbitrariness in the choice of the
random splitting by repeated sampling, an idea similar to bagging. In contrast, we formally
introduce the bagging technique to achieve bias-correction while maintaining efficiency of the
estimator simultaneously. Furthermore, we provide formal asymptotic results for the bagging
estimator for inference. In another seminal paper, Chen, Fernandez-Val, and Weidner| (2021))
study nonlinear factor models for panel and network data. They introduce iterative factor
structures to network data, which enables one to capture important network features such
as degree heterogeneity and homophily in latent factors in an unspecified or reduced-form
fashion. They propose an EM-type algorithm for estimating structural parameters and
a separate algorithm for estimating the number of factors. Their method requires that the
covariates and unobserved effects enter conditional likelihood function through a single index,
which rules out network formation with NTU. Moreover, they require concavity on the joint
likelihood function in the single index. Thus, their results are not directly applicable to our
problem.

Our paper is also related to papers that utilize dyadic link formation models to study
structural social interaction models. A few examples include |Goldsmith-Pinkham and Im-
bens (2013), Hsieh and Lee (2016), Johnsson and Moon| (2021)), and Auerbach (2022). In
these papers, the social interaction models are the main focus of identification and estima-
tion, while the link formation models are used mainly as a control function to deal with
network endogeneity or unobserved heterogeneity problems in the social interaction model.
We consider our work to be expanding the tool box for researchers interested in this line
of research to use to control for the confounding factors outlined above. Additionally, since

the homophily parameters and the fixed effects contain important information concerning



the causal effects with peer effects or spillover effects (e.g., Lewbel, Qu, and Tang| (2023));
Jackson, Lin, and Yu| (2024))), the method of this paper can be useful to studying such causal
effects. Finally, our paper provides /,,-consistent estimators of the fixed effects, which are
the central object of interest of |Jochmans and Weidner| (2019) who consider a linear regres-
sion model with network data and individual fixed effects. Their model and method are very
different from ours.

It should be pointed out that in our paper we do not consider link interdependence in
network formation, which is actively studied by the line of econometric literature on strate-
gic network formation models and empirical games. This line of literature primarily uses
pairwise stability (Jackson and Wolinsky| (1996)) as the solution concept for network for-
mation, and also often builds NTU into the econometric specification. See, for example,
Miyauchi| (2016), lde Paula, Richards-Shubik, and Tamer (2018), Leung and Moon| (2019));
Leung (2019), Boucher and Mourifi¢| (2017)), [Mele| (2017, 2022), Sheng (2020), Ridder and
Sheng (2020)), |(Gualdani (2021)), Chandrasekhar and Jackson| (2023)), and Menzel (2024). The
authors in these papers study network formation models that account for network externali-
ties, which generate interdependencies in the linking decisions that depend on the structure
of the network. However, this type of models either do not feature or impose distributional
assumption on unobserved individual heterogeneity. Instead, we adopt the “fixed effect” type
of approach and allow them to be arbitrarily correlated with the observable covariates. Fur-
thermore, many of the papers in this line of research require bounded degree (e.g., de Paula,
Richards-Shubik, and Tamer| (2018))) or appropriate “rate requirements” on the parameters
governing the probabilities of subgraphs forming (e.g., Chandrasekhar and Jackson| (2023))),
which we do not need. Therefore, we consider the two lines of research to be very different.

See de Paula, Aureo| (2020) for a detailed comparison between these two lines of research.

The rest of the paper is organized as follows. Section [2| formally introduces a dyadic
model of link formation with covariates, individual fixed effects, and NTU and presents a set
of baseline assumptions. Section [3| presents the estimators for the structural parameters and
fixed effects and derives their theoretical properties. Section 4] extends our theory to discuss
estimation of APEs and model misspecification. Section [5] includes a simulation study.

Section [6] provides two empirical applications. All proofs are relegated to the Appendix.

Notation. Let “:=” denote a definition and superscript “T” denote the transpose of a
vector or a matrix. For an n x 1 vector a = (ay,...,a,)", its ¢; norm is ||a||; :== >, |ail,
o norm is ||afls == (321, a?)Y/?, and £, norm is ||a|. = maxi<i<, |a;|. When O(-) (and

other notations for order) is written for a vector (or matrix), it means that each element



in the vector (or matrix) is of the order in O(-). “plim” refers to the limit in probability,
“«5 stands for convergence in probability, and « 47 i the convergence in distribution. For
an n X n matrix A, we write |All; = maxi<i<, [|All1, [[Alle = maxi<i<n ||As|l1 and
| Al max 1= maxi<; j<n |Ayj|, where A.; and A;. are the ith column and row of A, respectively.
|c| denotes the integer part of any number c. To simplify notation, we write Fj;(a, ) :=
Flo; + x8), Fii(a, B) := F(oyj 4+ 2,0), and pyj(e, B) == Fj(e, ) Fji(ar, 3). We use Fy,
F};, and p;; when the corresponding functions are evaluated at the true values of (ay, ).

Finally, the abbreviation “w.p.a.1” stands for “with probability approaching 1.”

2 Model and Baseline Assumptions

We consider an undirectedﬂ network formed among agents i € Z,, = {1,...,n}. Hence,
there are N = (g) dyads to be linked. Agent ¢ agrees to form a link with j if her utility from
the connection is strictly positive. Let binary random variable Z;; denotes agent i’s decision

on whether to link with j, then
Lii = l(ai0+Xi—;BU_€ij>O>a 1SZ7£]§TL (].)

We rule out self-loops, i.e., Z;; =0, i = 1,...,n. There are three components that determine
the value of Z;;: (i) the unobserved fixed effect a9, which is agent i specific; (ii) dyad-specific
index X; Bo that captures homophily effect in the observable characteristics between any 7
pairs, where X;; € R is a symmetric function of agent-level characteristics X; and Xj,
ie., X;; = g(X;,X;) for all i # jf|and (iii) an idiosyncratic component €;; with a known
distribution, assumed to be independently and identically distributed across all directed
dyads (4, ). 1
Under NTU, a link Y;; between 7 and j is formed by the following rule:

Yij == Zi - Zys, 1<i#j<n. (2)

In this model, the utility of two agents are nontransferable, which is different from the

network formation model considered by (Graham| (2017). Our model is similar to the one

20Qur model can be extended to cover directed network by introducing two sets of heterogeneity that
captures in-degree and out-degree separately as in [Yan et al.| (2019) and [Hughes| (2023).

3We follow the literature (e.g., |Graham| (2017)) to make X;; a symmetric function of individual char-
acteristics X; and X;. The theoretical results of this paper can be extended to cover the general case in
which X;; is some generic pairwise observable characteristics. In the simulations, we randomly draw the first
coordinate of X;; directly from Bernoulli distribution without generating X; nor X; and find the results to
be satisfactory. Nevertheless, allowing for asymmetric X;; # X;; could result in more complications and is
out of scope of this paper. We leave it for future research.

4In principle, we can allow €;; and €;; to be correlated, e.g., bivariate normal distribution with a known
correlation coefficient. The analysis goes through with minor changes.



studied by (Gao, Li, and Xu| (2023), however the focus is different. In this paper, we use
the information on the distribution of ¢;; to estimate 3, from realizations of a single large

network (y;;)1<i j<n and (x;; and conduct asymptotically valid statistical inference.

)lgi,jgn’

In what follows, we use bold-case symbols for variables to indicate that its dimension is
dependent on n. For example, the dimension of o = (), <;,, is n x 1. Let Y = (V)
and X = (XZJ>1§z,]§n

respectively. Denote their realizations by y = (vi;)1<ij<n and x = (z;5)

1<i,j<n
be the n xn adjacency matrix and n xn x k random tensor of covariates,

L<ij<n’ respectively.

Let ag = (o), <;«,- Unless otherwise stated, we maintain the following assumption.

Assumption 1 (Correctly Specified Model). The conditional likelihood of Y =y given

X =xand o = o 18
PrilY =yl X=x,a=ag) = H HPr(Yij = yij|Ti, 2, o, o), (3)
i=1 j>i
where
Pr(Yi; = yijlxi, ¢, auo, o) = [F(aio + xjjﬁo)F(ozjo + x%ﬁg)}y”
X [1 — F(ao + x;;/BO)F(CYjO + xﬁﬁo)} lfy”',

for all i # j where F(aio + 3 00) := Pr(Zs; = 1|35, tio) and F (-) is known.

(4)

Assumption [1] is similar to Assumption 1 of |Graham| (2017)) except for two important
differences. First, under NTU a4 + xZTJ Bo and ao + a:jTZﬂo are not additively separable in the
linking probability between i and j, thus the tetrad logit estimator of |(Graham/ (2017)) does
not apply in our setting. Instead, we propose a one-step split-network jackknife bagging esti-
mator that works with NTU and achieves the Cramér-Rao efficiency bound asymptotically.
Second, we do not specify the functional form of F'(-) to be logistic as in the literature (e.g.,
Chatterjee, Diaconis, and Sly| (2011)); (Graham| (2017); Qu, Chen, Yan, and Chen| (2024)).
Instead, we impose mild conditions on F (-) for our asymptotic analysis in Assumption 3|
Most common distributions including logistic and normal distribution satisfy Assumption [3|
In this regard, we consider Assumption [I] to be more general.

Assumption [I| requires that the ¢;;’s are 1.i.d. across dyads (7, j), i.e., links are formed
independently of one another conditional on agent attributes. The assumption that links
form independently could be plausible in certain settings, such as risk-sharing networks,
online friendships, trade networks, and conflicts between nation-states. However, it rules
out link interdependencies and thus may not be applicable to certain types of networks
with explicit strategic interactions such as supply chain networks. See the discussion of
Assumption 1 of (Graham (2017) for more details on this issue.

Assumption (1] also requires the link function F'(-) to be correctly specified. It is well-

9



known that under regularity conditions MLE will converge to the point that minimizes the
Kullback-Leibler information criterion between the true and the misspecified model (White
(1982))). The issue is further complicated by the high-dimensional individual fixed effects and
NTU of model . To our knowledge, the misspecification issue has not been investigated
in the network formation literature. We discuss how model misspecification affects our
theoretical results in Section [4.2] and provide simulation evidence for our estimator under
misspecification in Section [5]

The next two assumptions are needed to facilitate our asymptotic analysis in the next

section.

Assumption 2 (Bounded Support and Random Sampling). Suppose the following conditions
hold:

(a) The true value of agent-level heterogeneity a lies in the interior of a compact set
A CR".

(b) The true value of structural parameter 3y lies in the interior of a compact set B C R,
(¢) Dyad-level characteristics X;; satisfy X;; € X C RX for some compact set X.

Assumption [2| collects and combines Assumptions 2 and 5(i) of Graham| (2017). Assump-
tion [2J(a)—(c) collectively imply that probability of linking between dyad (4, j) is uniformly
bounded in [k, 1 — k] for some x € (0, 1), which essentially requires the network to be dense.ﬂ
The dense network condition is needed so that we can estimate ;o consistently for each
iff] Tt is similar to the estimation of individual fixed effect in large 7' panel data models.
In simulations we find that asymptotic results hold when the network is fairly sparse. See
Section for the simulation results for networks with a density smaller than .1. Note that
our theory in principle can allow the support of X;; to be unbounded; however, it would
introduce more technical complications in deriving the rates of convergence without adding
much theoretical insight since it involves handling the complicated tail behaviors of the ran-
dom variables. Thus, we impose Assumption (c), which is similarly assumed in Assumption

2(ii) of (Graham (2017)), to focus on the main idea of the paper.

®Density of an undirected network is defined as p, = N=1 3" >
dense if lim,, o, pr, > ¢ > 0 for some constant c.

6The Beta models with logistic link functions studied by |Chatterjee, Diaconis, and Sly| (2011)), |Graham
(2017), and [Yan, Jiang, Fienberg, and Leng| (2019) point out that Assumption a) could be relaxed to be
ool = O(log(logn)), which allows for sparser networks (but nearly dense). However, this result does not
extend to our setting directly due to NTU and general F(-). Thus, we require dense network in Assumption

2|

>3 Yij» where N = (3). A network is

10



Assumption 3 (Restrictions on F(-)). F(-) is three-times continuously differentiable with
its first to third derivatives f(-) , fV(-), and f3 () satisfying

F(oy +xiTjB) € [e1,1 — ¢,

fla; + a:;B) € [e2,1 — ¢,
|f Y (o + :L’;;B)| < cs, and
f@ (i + 258)| < ca,

for some constants ¢y, co € (0,1/2], ¢5,¢4 > 0 and all (o, f) € AxB, z;; € X, 1 <i#j<n.

Assumption 3| puts bounds on F'(-) and its derivatives. We consider Assumption [3| to be
mild because it is generally satisfied for common distributions such as logistic and normal
distributions when combined with Assumption 2] This Assumption is similar to Assumption
4.3(v) of Fernandez-Val and Weidner| (2016]), which restricts the smoothness of the likelihood
functions. We use Assumption [2 to bound the norm of the Jacobian matrix of the moment

conditions to be presented in the next section.

3 Estimation and Large Sample Properties

In this section, we introduce the one-step split-jackknife bagging estimator for 3, and
prove that it is v/N-consistent and achieves the Cramér-Rao lower bound asymptotically.
The idea is based on the one-step approximation of the MLE of [Le Cam| (1969). However,
there are three challenges in applying |Le Cam, (1969))’s idea to our setting. First, Le Cam
(1969)’s one-step estimator requires an initial estimator of Sy. Second, with the inclusion of
the high-dimensional fixed effects a into the model , the one-step estimator proposed by
Le Cam! (1969)—even if successfully constructed—will be v/ N —inconsisten with a compli-
cated nonzero mean in the limit after normalization, a problem also shared by the original
MLE of 8y, when incidental parameters exist in the model. Moreover, popular debiasing
methods in the literature such as jackknife will inflate the variance of the estimator, making
it asymptotically inefficient.

We provide intuition on how we deal with these challenges here. To address the initial
estimator problem, we propose a joint method of moments (JMM) estimator for 3, (and
the high-dimensional fixed effects o). We first estimate the high-dimensional fixed effects
« as a function of . The main deviation from the existing methods (e.g., Theorem 1.5 of
Chatterjee, Diaconis, and Sly (2011) or the fixed point equation (17) of |Graham| (2017))) in

this step is that we do not rely on ¢;; being logistic random variable nor the link formation

"By /N-inconsistent, we mean that v/ N (B— 60> 4 N (u,V) as n — oo for some p # 0.

11



process being TU. Instead, we construct a set of moment conditions that involves the average
degree sequence for each individual and use a new iterative algorithm to compute & (53) as
a function of 5. The new iterative algorithm is inspired by the stochastic gradient descents
method (SGD, [Robbins and Monro| (1951)) f] We prove existence and uniqueness of & (),
the solution to a high-dimensional system of moment equations. Our new method can handle
a general class of distributions, not only logistic, as well as NTU.

Once a () is obtained, we do not maximize the concentrated log-likelihood function
to estimate [y because it is hard to verify concavity of the concentrated criterion function
with & () plugged in and the maximization can be computationally unstable. Instead, we
construct a new set of finite-dimensional moment conditions to compute BJMM, the JMM
estimator for ;. We obtain asymptotic distribution for B v and prove uniform consistency

for <BJMM>. Then, we plug By into the one-step estimator of [Le Cam (1969) to obtain

BOS and prove its asymptotic normality. Since we have an analytical expression for Bos,
there is no need to maximize the log-likelihood function and consequently the computation
is stable and very fast.

To deal with the second issue of the asymptotic bias in @OS, we use the bagging method
with split-network jackknife to debiase Bos and maintain its efficiency simultaneously. We
prove that the new one-step split-network jackknife bagging estimator, denoted by ng, is
asymptotically normal, v/N-consistent, and attains the Cramér-Rao lower bound asymptot-

ically. A graphical illustration of the bagging procedure is provided in Figure

3.1 Joint Method of Moments Estimator

We propose a new joint method of moments estimators for both o and ;. There are
n—+ K unknown parameters in our model , which requires at least n+ K moment equations
for identification. To deal with the challenges caused by the high-dimensionality of ag, we
construct two sets of moment conditions and estimate the parameters sequentially. For each
candidate [, we use the first set of n moment conditions to estimate a as a function of 3.
Then, we plug the estimated & (f) into the second set of K moment equations to estimate

By, obtaining BJMME
Define d; := > i Yij as the degree sequence for ¢ = 1,...,n of the observed network Y.

8Strictly speaking, the algorithm does not comply with the standard definition of SGD as the Jacobian
matrix of the moment conditions is not symmetric. Nonetheless, we use it to motivate the construction of
the moment estimators of the high-dimensional ay.

9In what follows, we use B to denote B vmMm for notational simplicity whenever there is no confusion.
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The first set of moment conditions concerns the average degree for each individual 2:

E {<d1 - 2#1 pij (@, Bo) , -+ dn — Zj;énp”j (0‘0750)>T X = X} = 0. (5)

The moment condition (b)) is used to obtain & as a function of 3, i.e., a (), via a SGD type

algorithm [7] Specifically, we use the following high-dimensional system of equations

-
ml(aaﬂ) = <d1 _Zﬁglplj(aaﬁ)a"' 7dn_2j¢npnj(a76>> ) (6>
and provide an algorithm to find &(f), the root of (6)) as a function of 3. Let

rile,B) =a; +(n—1)" <d—ZpU > i=1,...,n (7)
J#i

and r(a, 8) = (ri(e, B),... ,Tn(a,ﬁ))T. The intuition is, for any ¢ when d; is strictly
larger than Z#i pij(c, B), we would like to increase o such that each p;;(e, §) for j # i
is larger, and vice versa. The validity of the argument is guaranteed by the definition
pij(a, B) = F(o; +x;8)F(aj 4 2 ];,4) and the monotonicity of F' (-) by Assumption . Then,
starting with an arbitrary initial value @', we update a*™1(3) = r(a*(3), 3) into the next

iteration.
Observe that m; (e, 5) is a high-dimensional system of equations that features NTU,
covariates, and possibly non-logistic link functions. In the next theorem, we prove that a([3)

exists and is unique for each § around [y with high probability as n grows.

Theorem 1. Under Assumptions @ as m — oo, w.p.a.1 a(P) exists and is unique for
each 5 € {B € B| || — Boll, < ¢} for some constant ¢ > 0. Moreover, uniformly across all k,

we have

le**2(8) — "1 (B)[ls < dlla"(B) — " (B)[lr  and
lo**2(8) —a(B)|lx < dlla"(8) — &(B)lh,

for some fized constant § € (0,1).

We present the proofs of all the theoretical results of this paper in Appendix Bl Theorem
guarantees that a(3) = lim,_,., a®(3) and that the £,-distance between a(3) and o*(3)
decreases geometrically after each two iterates. We find that computing (/) is fast in the

simulations, which is another advantage of our SGD algorithm.

10Tt is worth emphasizing that holds without assuming the distribution of €;; to be logistic, a condition
that is needed to obtain the fixed point equation of (17)—(18) of|Graham/(2017) or Theorem 1.5 of|Chatterjee,
Diaconis, and Sly| (2011). Therefore, we consider to be more general. Moreover, even if €;; is logistic
random variable, the nonseparability of p;; in o; and «; brought about by NTU makes the fixed point
equation of (17)—(18) of|Graham/(2017)) or Theorem 1.5 of Chatterjee, Diaconis, and Sly| (2011) not applicable.
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Next, we impose a finite-dimensional orthogonality condition between X;; and (Y;; — p;;)

over the population of (i, 7) dyads:
E[(Yy — pij (w0, Bo)) Xij| X = x] = 0. (8)
Let
ma(e, B) =D [yij — pijlew, B)] wi. (9)
i=1 j>i

Given a(/3), we solve a concentrated moment equation for B:

my(a(B), ) = 0. (10)

Notice that is finite-dimensional, hence it is easy to compute. It is clear that (e, B) =
(@3).5).
Before we state the consistency and asymptotic normality results for (e, B), we combine

m; and ms, into m for easier exposition of the results:

m(e, ) := <d1 =Y pi(eB), e dn =Y pni(e8), > Y [y — pijlex, B)) 3%') :

j#1 j#n i=1 j>i
(11)

Then (a, B) is one root of . Although &(3) is unique by Theorem [1| for any 5 around
Bo, in principle there could be multiple B that solves . However, the next identification
condition guarantees that any B that solves is consistent for fy.

Assumption 4 (Identification). Define the concentrated moment equation

S(8) := (;Z)_lE[mz(a(m,ﬁnx, o).

where o(f3) is the unique root of E[m; (e, 5)|x, o) = 0 for each 8 € {8 € B|||5 — foll, < ¢}
Suppose that for all & > 0 and for n large enough
15.(8)]l, > 0. (12)

inf
BEB:||8—PBoll,>6

Recall that Theorem [I] guarantees that the high-dimensional moment equation
m;(a, f) = 0 always has a unique solution if |5 — fy||, < ¢ for some constant c. As-
sumption [ is a local identification condition for the low-dimensional parameter Sy, as is
extensively discussed in |(Chen, Chernozhukov, Lee, and Newey| (2014)) for nonlinear models
with high-dimensional nuisance parameters. Condition ((12)) is equivalent to assuming that

By is the unique solution to S,(8) = 0, which is similar to the widely imposed “unique
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minimizer” condition in M-estimators literature, see Chapter 5 (pg. 45) of [Van der Vaart
(2000).

To better understand Assumption , consider a (low-dimensional) linear panel data
model with individual fixed effects, y;; = ajo + 2,80 + €, i = 1,...,n, t =1,...,T. Sup-
pose E[(1,z},) Te;] = 0 in this model. Then, the expected concentrated moment function is
S.(B) = (nT)"'E {Zzt [y — ai(B) — x, 8] xit}, where a;(8) = aio + T, 2, (Bo — B) is
the solution to E [}, (yi — 248 — ;)] = 0,4 =1,...,n. Then S,(3) = (nT)™* > i @i —
;) (T — :Ei)T (B — Bo) with 7 = T-' >, 2. Consequently, a sufficient condition for
in this linear panel model example is that the smallest eigenvalue of (nT)~' 3", (i —
;) (x5 — ;)| (which is also the concentrated Jacobian matrix for 3) is strictly large than
0, which is a quite weak identification condition on the design matrix.

We prove that the JMM estimator B converges to [y in probability as n — oco. For
the high-dimensional fixed effects, @ is consistent in the sense that ||& — ol — 0. We

summarize these results in the next theorem.

Theorem 2. If Assumptions[1H{ hold, then

BB, and ||a— aglle B0, asn— .

To state the limit distribution of B , we introduce more definitions on the Jacobian and

covariance matrices of moment equations ((11)). Let

Vorm (e, ) vﬁTml(a,5)> _ (Jn(a,ﬂ) Ju(a,ﬁ))
Varma(a, B) Vgrma(a, ) Jor(a, B) Ja(a, B)

be the Jacobian matrix of m(ey, 5), where we separate it into four blocks according to the

J(a, f) = Vm(e, ) = (

variables of differentiation. In Appendix [A] we give explicit expressions of these blocks. It is
worth emphasizing that Jy;(c, 8) # J11(a, 8) T and Jia(a, B) # Joi(a, B) 7, thus J(e, B) is
asymmetric. The asymmetry implies that m(e, §) can not be written as a gradient function
of any scalar-valued criterion function.

The concentrated Jacobian matrix for S is defined as

3u(3) = P (605, ) - (@), I @), 5)T(@(9). ),

Then, we let

V = Var(m(a, §)|x, o) = ( Var(my) Cov(ml,m2)> ._ (VU Vl?)

Cov(ml, mQ)T Var(mg) B VE VQQ

be the covariance matrix of m(e, 3). As we show in Appendix [Al V does not depend on
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unknown parameter (a, §) because it is a covariance matrix which cancels out the unknown

parameters by demeaning. Define

Bk(] = lim

1
where Ry, is defined by in the Appendix . Let By = (B, ..., Bko)' and the limiting

variance matrix be

Tr [J;llvn (" Rk] (13)

Qo := lim N7 5" [Vae + 137 Vi (Jo1d1) T = I3 Vs — (Jn 3 Vi) '] (JgH) T, (14)

n—oo
where Jg is the probability limit of N=1J,(8,). We discuss Jy in more details in Appendix
. If oy is known, the asymptotic variance of § — 8y becomes J 52 VaoJos and the additional
terms shown in are caused by estimating o.

Theorem 3. If Assumptions[IH] are satisfied, then
VN(B = o) =I5 By 5 N (0, Q).

Theorem |3[ shows that the JMM estimator B is normal asymptotically, however the limit-
ing distribution does not center around zero. The bias term J; ! By arises from estimating o.
Incidental parameter problem is common in the literature of non-linear panel fixed effects
regression with large N and T' (e.g., Neyman and Scott| (1948)); Hahn and Newey| (2004)).

Remark 1. Tt is possible to correct for the bias for B by the split-network jackknife (SJ),
which is inspired by the split-panel jackknife proposed by Dhaene and Jochmans| (2015)). The
idea is to split the set of agents {1, ...,n} randomly and equally into two disjoint subsets and
estimate [y twice (denoted by Bl and Bg) using each sub-network formed by the agents from
each subset. Then, the JMM SJ estimator is BSJ = 2,@—% (Bl + Bz> We prove in Appendix
that Bg 5 is v/ N-consistent with 2€) being the asymptotic variance. The inflated variance

arises because we ignore the links between agents from different subsets when computing Bl

and BQ .

3.2 One-Step Estimator

Under Assumption , the log-likelihood function of (e, f3) is

(e, B) = Z Z{yij log [F (o + x;; VF (o + x; )]

i=1 j>i

+ (1 — yiy) log [1 — F(oy + 2;8)F(a; + 2;,8)] }. (15)
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By maximizing with respect to a and (8 simultaneously, the maximum likelihood esti-
mator (MLE) is

Q 3 = ¢,
(aMLEa BMLE) arg (a’%g}gw (aa 5);

which can be equivalently defined via maximizing a concentrated log-likelihood function

BMLE = arg Iggﬁcfn(aMLE(ﬁ), B),  where aype(f) := arg rcrllgicfn(a, B).

Moreover, (&MLE,BMLE) is also the root of the score function of ¢, (e, f3), i.e., s(a,5) =
(s7 (v, ), 53 (v, ), where

(v, B) f1;(08) 1 —prs (0, 8)] Fs(00B)[ymg —pns (8] ) |
si(a, ) = R (Z#l Fu(eh)lprd] )2 gt Fry (@)1= (e )] ) ’

_ O, B) _ o fislen B)lyig — pile, B)]
s2(a, B) = o8 ;; Fij(a, B) !

1 —py(e,B)]

It has been well documented in the literature that log-likelihood function can be non-
concave over the parameter space. The non-concavity issue is further exacerbated by the high
dimensionality of ey of this paper. For example, to compute anpe(5), we need to maximize
ln(a, B) with respect to a, an n-dimensional object, for each fixed 5. This is numerically
challenging. Instead, we propose a new estimator based on Le Cam’s one-step approximation
(Le Cam| (1969)) which does not require concavity of the log-likelihood function, is easy to
compute, and achieves the Cramér-Rao lower bound asymptotically.

To define the one-step estimator, we introduce more definitions on the Hessian matrix
and the information matrix. The Hessian of ¢,(c, [3) is defined as
<Vo;s1( ,B) Vgrsi( ﬁ)) o (Hn( . B) Hu(“ﬁ))

H(a7 ﬁ) =

«
Varsa(a, B) VﬁTSZ( ,B) H1T2( ,8) Ha(ea,

Define the information matrix as
I(a, 8) = —Es[H(ex, B)|x, o] = Eg[s(cx, B)s(e, 8) " |x, o,

where E5 means taking expectation conditional on the population parameter being equal to
B. We partition I(e, §) into four submatrices similarly as before. Following Chapter 4.2 of

Amemiyal (1985)), we define the concentrated information matrix of f,

In(a, 6) = Igg(a, B) — Iu(a, B)TIH(Q, 6)_1112(04, 5) (16)

The concentrated score function is defined as

sn(a, B) = sa(av, B) — Lia(ex, B) 'Ly (v, B) " 's1(ax, B). (17)
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Finally, we define the one-step estimator BOS as

BOS - B + In(a73)_18n(a73>7 (18>

with the joint moment estimator (&, 3) from Section .
Algebra shows

{asnga 50)‘)(’ ao] o, ® [asn(% 50)‘

Therefore, by a Taylor expansion on the right hand side of , we have

X, ao] =—1,.

Bos — Bo ~ L(a, Bo) \sn (0, £o) (19)

in large samples. To establish rigorously and hence the asymptotic normality of BOS, we

need an additional assumption on the behavior of the information matrix. Let wy; (e, ) =
[Ilg(a, B)TIH(O{, 5)71]]”, the kit? element of 112((1, B)TIH(O{, 6)71

Assumption 5. For (a,8) € AxB, 1 <k <K, and1 < i # j < n, sup,; |wr(ex, 5)]
is O (1) and continuously differentiable. Furthermore, the following conditions on wy;(cx, )

are satisfied:
(a) supy; [|Owii(ex, 8)/95] = O(1),
(b) supy; [Owri(ex, B)/9ai| = O(1),
() supy;; [Owyi(x, B)/0ay| = O(n™), i #j.

Assumption [ I is quite mild given that supy ; |wei(e, 3)] = O(1) is assumed, which con-
cerns the kit element of Ijs(ar, 8) 'I11 (e, B) 71, a well-defined object. To gain some intuition
about Assumption (c), consider a classical linear panel data model with additive individual
fixed effects. If there is no interaction between i and j, wg; (e, 5) will only dependent on «;
and f3, hence |Owy; (e, 5)/0c;| = 0, satisfying Assumptlonl . Therefore, Assumption (c)
is used to control for how much the function wy, (e, 8) depends on «; for j # i.

Let Wy, be the n x n matrix of these derivatives with (Wy);; = Owyi(ew, Bo)/0a;. Since
we have estimated ag by the method of moments, a direct plug-in of & introduces bias for Bog
asymptotically and we need to specify this bias term. This asymptotic bias is characterized

by W} and a covariance matrix between m; and sy, i.e., Cov(my,s;), whose entries are

[Cov(ml, Sl)]ij = Ejfjiy and [COV my, 81 Z f'Lkaz
k#i

More details on how to obtain these results are provided in in Appendix The
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asymptotic bias by := (b, ...,bxo) " for the one-step estimator is defined as

Tr[J'Cov(my,s))Wy], k=1,... K. (20)

b I 1
= lim —
M s N
With Assumptionin position, we prove the limit distribution of BOS in the next theorem.

Theorem 4. If Assumptions [1HJ hold, then
VN (Bos — Bo) — Iy "by % N(0,131). (21)

Theorem 4f shows Bos achieves the Cramér-Rao lower bound asymptotically. In the proof
of Theorem [4 we show that by is O(1) and depends on the covariance matrix between m;
and s;. It is because our plug-in estimator for a is obtained from the moment estimating
equation mi, and the one-step estimator uses information from s; to concentrate out .
The more similar between m; and s, the harder it is to estimate and control for the fixed
effects simultaneously. This highlights the key difference between our one-step estimator
with high-dimensional fixed effects and many other estimators in the literature with low-
dimensional nuisance parameters.

While being efficient, Bos is not v/N-consistent with an asymptotic bias of I5'bo. In the
next subsection, we use the bagging of split-network jackknife to achieve bias correction and

maintain its efficiency simultaneously.

3.3 Bagging for Split-Network Jackknife Estimators

To debiase Bos, one may use the split-network jackknife as discussed in Remark . Specif-
ically, let

. . 1 /. .
Bos—s5 = 2Bos — 3 (505,1 + 508,2) ; (22)

where BOS,I and Bosyz are obtained from estimating [y using two randomly-split half networks,

respectively. Then, it is straightforward to show that
VN (Bos—ss — o) % N(0,215). (23)

The intuition for the doubled covariance matrix 2I5" in is that by splitting the
network just once we effectively ignore the links formed between agents from each subset.
Furthermore, splitting the whole network randomly may make the SJ estimator computa-
tionally unstable. The inflated covariance matrix is not satisfactory given that the original
one-step estimator achieves the Cramér-Rao lower bound of I;*. Thus, we propose a bagging

method to recover the efficiency of our estimator.
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To motivate the bagging method, in theory there are a total of T, := (nT;Q) (suppose n is
even for notational simplicity) possible ways to divide the network. However, T,, can be very
large for a moderate choice of n. For example, when n = 100, T,, = (1) ~ 1.009x 10%*, which
is an astronomical number that beyond the capacity of most modern personal computers.
The bagging method solves this problem by randomly selecting 7], < T}, splits of the network
and averaging over all the SJ estimators from these T}, splits.

We show that when T;l — oo and n — 00, the bagging estimator achieves the Cramér-Rao
lower bound. To prove this claim, first consider the computationally infeasible SJ estimator
based on all T, splits of the network. Let t = 1,...,T, index all different splits, where each ¢
creates two equally separated random sets of agents Il('?z and Ig(t)z that satisfies ZYQLUI&)I =17,

X I@L and

Iét?l X Iét,)l are 38%71 and ngg, respectively. Then, the t-th one-step SJ estimator is

and Zﬁ)l N Iétzb = (). Suppose the one-step estimators based on sub-networks 7

1n

At A L /o At
BSh-ss = 2B0s — 5 (BSh, + 8% (24)

Define the average of ngfSJ over all t € {1,...,T,,} as

T,

5 I e 0)

Pr, =7 > Bos-ss
" ot=1

To implement the bagging method, we randomly select 7 < T,, estimators from

~ Tn
{5(()%—8 J} and take average of them to obtain the one-step split network jackknife bagging
t=1
(BG) estimator,

Tl
o 1 " s
Bra = T Z 58%-&1’ (25)

n =1

Denote the o-algebra generated by (y,x, ay) as F,. We have

Tn
E (BoclF) = = 3 B8 s = . (26)
=1

We provide a graphical illustration of the bagging method in Figure [T}

In the next theorem, we show that the oracle average BTn attains the Cramér-Rao lower
bound, and the bagging estimator Brq approximates BTn sufficiently well as 7)) — oo. In
Section [p]and [0 we find the finite-sample performance of our BG estimator satisfactory when

T is set to be around 100, which is significantly smaller than T,.
Theorem 5. If Assumptions[IH] are satisfied, then, as n — oo,

\/N(BTn - BO) i) N<O7 Ial)a (27>
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Figure 1: Summary of bagging procedure

\/N(BBG — BTn) 50, asT. — co. (28)
Hence, as T — oo and n — oo,
VN (Boc — Bo) > N(0.15"). (29)

Remark 2. Although our BG estimator is inspired by half-panel jackknife from the literature
on panel data (Dhaene and Jochmans| (2015))) and can correct for the bias, it is different from
SJ because directly applying SJ doubles the asymptotic variance of the estimator as shown
in Corollary[I] The BG estimator, on the other hand, does not affect the variance as proved
in and is thus efficient. Alternatively, one may be inclined to apply BG to the JMM
estimator directly and bypass Le Cam’s approximation step. Indeed, BG can correct for the
bias of the JMM estimator. However, it cannot make the JMM estimator efficient as Le Cam’s
approximation does. To sum up, applying both Le Cam’s approximation (efficiency) and
BG (bias-correction) to the JMM estimator leads to v/N-consistent and efficient estimation

of ﬂo.

Remark 3. In a nonlinear panel data model with time and individual fixed effects, Fernandez-
Val and Weidner| (2016) propose splits along both individual and time dimensions for their
split-sample jackknife estimator. For the individual dimension, Fernandez-Val and Weidner
(2016)) suggest in their footnote 8 to use the average of all possible ), partitions and point
out that the average over T < T, splits is enough. The objective of their repeated sampling
is to avoid ambiguity and arbitrariness in the choice of the division. In contrast, we propose

the BG estimator for achieving efficiency and bias-correction simultaneously. Furthermore,
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we prove formal asymptotic results for the BG estimator in Theorem [5| for inference.

4 Extensions

4.1 Average Partial Effects

In addition to a and [y, researchers and policy makers may be interested in estimating
certain averages over the distribution of exogenous regressors and fixed effects. One leading
example concerns the conditional mean of the outcome given covariates and individual fixed

effects
E Y] Xij, o, 8] = F(%Tjﬁ + Oéi)F(%Tjﬁ + a;), (30)

where the partial effects are differences or derivatives of with respect to components of
Xij, say Xij, the k™ coordinate of X;;. We suppress its dependence on Y and X and define
the partial effect of z;;; for dyad (i, j) as

pij(Qi, g, By + 2. B-k) — pijlai, o, 2 . B-x) (b)
Br [f(aﬂﬁ + %)F(%Tjﬁ + ;) + F(%Tgﬁ + Oéi)f(xiTjﬁ + Oéz')} (c)

bbl

Aij,k(aiaajvﬁ) =

where “(b)” corresponds to binary x;;; while “(c)” refers to continuous z;;;. Define A;; =

(Ajj1,.--,Aijx)". Then, the unconditional APE is

5OZE %ZZAU‘(O@,O&]‘,B[)) s (31)

i=1 j>i
where the expectation is taken over (X;, ;)" ;. Plugging the method of moments estimator
of (e, ) into (31]) yields the estimator for the APE

O [ .
0= NZZAU(%’%’B)' (32)
i=1 j>i
Define an (infeasible)
_ 1 «
An= D) Ao, o, Bo). (33)
i=1 j>i

Let the SJ estimator and bagging estimator of the APE be

T/
R o1 s R A 1 ==
bss =26 — S(81+8:) and O :=ﬁ;6é?, (34)

respectively. Here, (51,52> are the plug-in estimators based on two sub-networks after a
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random split of the nodes and {5&)}?1 are split-network jackknife estimators based on T
random splits. The next theorem shows that ¢ is V/n-consistent. We use a central limit
theorem for U-statistics (Theorem 12.3 of Van der Vaart| (2000)) to prove it. To make the
result precise, we include asymptotically vanishing bias terms similarly to Theorem 4.2 of
Fernandez-Val and Weidner| (2016). Additionally, since the bias terms are asymptotically
negligible, the two bias-corrected estimators in do not provide meaningful improve-
ment over the original estimator 4. We provide numerical evidence in Section [5| and |§| that

substantiates this claim.

Theorem 6. Define o5, = ETA + %. If Assumptions hold, (X, a;)1<i<n are i.i.d.

across i, and A, is a non-degenerate U-statistic, then

172 [ ¢ 1 1 ) d
o 2 (5 — 6y — ——=Bs — ——Ba ) % N(0, Ix), 35
5n ( 0 \/N B \/N ( K) ( )
with
— T 1 -1 -1\ pu Y T Ty-1 —1
Bo = lim Ty [JH Vi (377) Rk], By = lim (A] - ALI;15)05 By, (36)

where Ry, k = 1,...,K and (A4, Apg) are characterized in (@) and , respec-
tively.  The wvariance term XA s defined in . The sampling variance Y5 =
E [Ajj(as, o, Bo) Ak (v, ag, Bo)], where the expectation is taken over (ay, X;)I ;.

Furthermore, the bagging estimator e satisfies
O';:L/Q (5]3@ — 50) i) N(O, [K)

In Theorem |§|, Bg stems from the bias of the plug-in estimator B while B, stems from
the incidental parameter bias of plug-in estimator . For the components of os,, XA is
the asymptotic variance of v/ N(§ — A,) and £ is the asymptotic variance of v/n(A, — &).
Note that in Theorem |§| the rate of convergence of 5 is \/n instead of V/N. The slower
convergence rate in ([35) makes the bias terms introduced by estimating the individual fixed
effects asymptotically negligible.

It is worth pointing out that if one is interested in A, (e.g., Chen, Fernandez-Val, and

Weidner| (2021))), the asymptotic result will become

which generalizes Theorem 2 of (Chen, Fernandez-Val, and Weidner| (2021) to the NTU
setting.
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The asymptotic variance Y5 can be estimated by

—1 n
~ n A A A A A
S (3) S [y )~ 6] [Au(aranh) -]
i=1 j>i k>j
which is consistent by the law of large numbers for U-statistics. Although the variance term

Ya/N is dominated asymptotically by 4%s/n in (35), in simulations we find that including

it improves the coverage probabilities.

4.2 Model Misspecification

The Cramér-Rao lower bound is only defined for correctly specified models. A natural
question is what if the distribution function F (-) of ¢; is misspecified? |Graham| (2024)
provides an insightful analysis for sparse network formation models with TU. However, this
question has not been studied yet in the literature of network formation with NTU. In this
section, we discuss theoretical properties of our estimators under such misspecification. If the
model used for estimation is misspecified, the estimator of structural parameter in nonlinear
models in general converges to a pseudo value defined as the minimizer of certain criterion
function (for MLE, see White (1982, 1996))) or the solution of a moment equation (for method
of moments).

First, we analyze the pseudo values that our estimators B and Bos converge to under
model misspecification. Suppose researchers specify the distribution function of €;; as G(-)
while the true distribution F' (-) differs from G (-) at points with strictly positive probability
measure. For fixed n, we impose the following identification assumption for model misspeci-
fication. Let gij(a, B) := G(o; +z;8)G(a; 4 x5 3) be the misspecified probability of linking

between ¢ and j.

Assumption 6 (Identification under Model Misspecification). For a fized n, the following

nonlinear function of B:

Su(B) =YY Ipijewo, Bo) = aiy(@(), B))] i = 0 (37)

i=1 j>i

has a unique solution B, and satisfy for any 6 > 0 and n large enough,

5.9

>0,
2

inf
BEB:]|f—Bne 525

where a(f3) is the unique solution to the following system of equations

(Zj;él p1j(a, Bo) — Zj;ﬂ qj(ee, B), - - ,Z#npnj(ao, Bo) — Z#n Gnj (e, 5)>T =0. (38)
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Assumption [f] is the counterpart of Assumption [ under model misspecification. Simi-
larly to Theorem , equation has a unique solution with high probability under mild
conditions on (e, fp) and . Thus, Assumption |§| essentially imposes a local identification
condition for the common parameter. Notice that (,. depends on the true link function
F (-), misspecified link function G(-), true parameter values (v, 3y), and the covariates
{Xi}, ;- As aresult, f,, may vary with n. The following theorem demonstrates that the
JMM estimator based on the misspecified link function G (-) will center around f,. with a

bias term, and the split-network jackknife procedure removes the bias asymptotically. Let
o, = af,,) with a (+) satisfying (38).

Theorem 7 (JMM Estimation under Model Misspecification). If Assumptions[1H3 and |6
hold, then as n — oo

VN (B —ﬁn*) —J'B, S N(0,0).

where J., By and Q, are defined similarly to Jo, By and €y in Section |3.1| except that the

pseudo value (o, Byy) and the misspecified link function G(-) are used in the place of (ao, o)
and F (-).

Theorem [7] shows that if the researcher believes that the moment equations hold in
population, the JMM estimator is robust under the model misspecification in the sense that

~

B is consistent for f3,., which is the unique solution to the (pseudo) population moment

equations .

To conduct statistical inference for the JMM estimator under model misspecification, we
need an estimator for the limit covariance matrix €,. Let m;; (e, B) be an (n+ K) x 1 vector
where: (i) the ith and jth elements are both y;; — ¢;;(&, 3); (i) the (n 4 1)th to (n 4+ K)th

clements are the vector of [y;; — ¢i;(@, 8)]z};; and (iii) the rest of the coordinates are zero.

ij>
Then, we use the plug-in estimator

V.i=>" my(a fm;(a,p)".
i=1 j>i

Further write submatrices of V., as \711*, \712*, \721*, and \722*, and similarly for J.. Note
that J, is the concentrated Jacobian matrix for f3,., while J, is the Jacobian matrix for both
a, and f,,. Then, we propose to estimate 2, by

A~

Q* = Nﬁlj*fl \722* + j21*jf1l>kv11*(jﬂl*j21*)T — j21*jf11*v12* — (j21*jfll*\712*)T (Jll)Ta

which is consistent for 2, by the law of large numbers.
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Under the possible model misspecification, our one-step estimator can be expressed as

BOS = B-FH(&,B)_ISH((/X\?B), (4'0)
with the pilot moment estimator (&, 3) as before. Note that

H(a, 5) = HQQ(a, /8) — ng(a, ,B)TH22<C\C, 5)_1H12(a, ,8), (41)

is the concentrated Hessian matrix and

sn(a, B) := sz(ax, B) — His(er, B) "Hui (v, B) 'si(ax, ),

is the concentrated score function. Under model misspecification, BOS in centers around

571,* = 571* + H<a*7 Bn*>_1ESn<a*7 Bn*)a (42)

which can be seen as a projection of (,. by concentrating out the fixed effects. When
the model is correctly specified, (au,Bn) = (g, ), thus B = Bne = [o because
Esp (@, fnx) = Esp(a, fy) = 0. Furthermore, our one-step estimator and bias-corrected
estimators in the misspecified case share similar asymptotic properties from their counter-
parts when the model is correctly specified, except that they now center around the projected

pseudo value f3,, instead of ;. These results are summarized in the next theorem.

Theorem 8. Suppose all the bounds in Assumption@ still hold for each element of [H],H !
If Assumptions @ and@ are satisfied, the one-step estimator BOS and the bagging estimator

Brg satisfy
VN (Bos —Bn*) CHW. L N(0,TL) and
VN (BBG - 571*) % N(0,T),
respectively, where H, and b, are defined similarly to Hy and by, but under (o, f.) and

misspecified link G(-). The asymptotic covariance matriz I', is

I, := lim N"'H;!

n—0o0

I +HL H AL (HLHL )T
22 —|—+ ii* 11x+11 (T 11*7112*) . (H;l)T. (43)
_H12*H11*112* - (H12*H11*112*)

We point out that the limits of the variance term and Hessian term are functions of
(@, Bns) because f3,, is a function of (., fn«) by . Theorem demonstrates that
BBG serves as a robust estimator for common parameters under model misspecification in
the following sense. If the model is correctly specified, BBG centers around [, without bias
and achieves the Cramér-Rao lower bound asymptotically. If the model is misspecified,
BBG centers around a projected pseudo value with no asymptotic bias and achieves a lower

A

variance than fs;. Finally, we can estimate I, by I = Sor > s(a, B) and H, by plugging

J>1
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(&, B) into 1) which together give a consistent estimator for I', by .

5 Monte Carlo Simulation

We investigate the finite sample performance of our estimators through a comprehensive
set of Monte Carlo experiments. Specifically, we (i) examine the performance of the proposed
estimators for 3y, which include the joint method of moments estimator (JMM), Le Cam’s
one-step estimator (OS), and one-step estimator with bagging of split-network jackknife
(BG); (ii) show how these estimators perform when the model is misspecified; (iii) investigate
the performance of these estimators when the network is reasonably sparse; (iv) check how
well the method can estimate individual fixed effect avp; and (v) study the performance of
the estimators for the APEs.

The data generating process (DGP) is as follows. We set By = (1,—1)7, and draw
the first covariate of X;; as X kg Bernoulli(0.3), X;,; = Xi ;. This way, we allow
for discrete variable in X;;. For the second covariate of X;;, we draw X e (—0.5,0.5)
and let Xy;; = |X; — Xj|. Next, we generate the individual fixed effects by setting o; =
0.75x X;+0.25 x&;, where &; RS U(—0.5,0.5) and is independent of everything else. Thus, «;
and Xj; are correlated via X;. The idiosyncratic shock to each dyad, ¢;;, is randomly drawn
from standard logistic distribution, independently of X;;, a;, and ;. Finally, we obtain each

17 pair of the network Y by
Yij = Lai+ X[ 5o+ €5 > 0) - 1(ay + X580 + €5 > 0).

For all the simulations in this paper, we run R = 1,000 replications. For the baseline
results, we set n = 100 and 200, which is comparable to the size of the dataset we use for
the empirical application. We also conduct simulations for n = 50 to investigate the small
sample performance of the estimator and present these results in Appendix [C| To further
investigate the performance of the estimator of the high-dimensional fixed effects, we also let
n = 500 and 1,000 in Section [5.2] We report mean bias, median bias, standard deviation,
mean absolute bias, median absolute bias, and root mean squared error (RMSE) across R

runs of simulations.

5.1 Common Parameter

Table [1| summarizes the results for the proposed six estimators of the common parameter
Bo for n = 100 and 200 when the link function F'(-) is correctly specified. The main

conclusions when n = 100 are as follows. First, in terms of mean bias, the bias-corrected BG
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estimator performs significantly better than JMM and OS. The median bias shows a similar
pattern. These results are consistent with theory prediction because BG uses bagging of split-
network jackknife to achieve bias-correction. Second, BG works very well in simultaneously
achieving bias-correction and low standard deviation, leading to the lowest RMSE among
all estimators. Moreover, in line with the theory, we find that SJ without BG (not reported
in the tables) inflates the variances of JMM and OS estimators by a constant factor of two
in the simulations. Third, the coverage probabilities of the confidence intervals constructed
based on the asymptotic distribution of each estimator are close to the nominal rate. This
result shows that the asymptotic distributions for the proposed estimators of this paper
are good approximation to the true underlying distribution. Fourth, the performance of
Bg is worse than that of Bl across all estimators in terms of RMSE, likely caused by the
correlation between X5 ;; and (o, ;). Finally, the mean standard errors estimated from the
asymptotic normality results are close to the standard deviations computed from Monte Carlo
simulations across all estimators. We also find that the quantiles of empirical distributions
of all estimators across simulations are well approximated by the quantiles of corresponding
normal distributions. These results provide support for our theory.

When n = 200, the performance of all the estimators improve. RMSE’s, for example,
are about half the size of those when n = 100, which is expected given the v/ N-convergence
rate and v/ N = O (n). The coverage probabilities are also closer to the nominal level when

n = 200 than when n = 100. The main conclusions remain unchanged as when n = 100.

5.2 Individual Fixed Effects

Given the large number of individual fixed effects, we plot histogram of the estimation
error, a; — (g, @ = 1,...,n. We find that, consistent with our theory, centers of histograms
are around 0 for small n = 100 and 200. As we increase n, the performance of @; improves,
as can be seen from Figure 2fc) and (d) for n = 500 and 1, 000, respectively. Moreover, the
range of estimation error shrinks toward 0 as sample size increases, hence having a large
n further reduces the occurrence of extreme values of @; and improves uniformity of the

estimates.

5.3 Average Partial Effects, Model Misspecification, and Sparser
Network

Table [2 summarizes the estimation results for the APEs defined in (31)). We provide
results for APE for each coordinate of X;;. Across the board we find our plug-in estimator

performs quite well in terms of RMSE and coverage probabilities. We also apply the bagging
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Table 1: Estimation Results of S

n = 100, density=25% JMM O3 BG
B B2 b B2 P B2
Mean Bias 0.0304 -0.0288 0.0291 -0.0282 -0.0026 0.0028
Median Bias 0.0302 -0.0345 0.0287 -0.0361 -0.0022 -0.0034
Standard Deviation 0.0594 0.1349 0.0591 0.1352 0.0573 0.1318
Mean Standard Error  0.0568 0.1296 0.0568 0.1293 0.0568 0.1293
Mean Absolute Bias 0.0538 0.1115 0.0532 0.1116  0.0459 0.1058
Median Absolute Bias 0.0453 0.0931 0.0437 0.0938 0.0401 0.0925
RMSE 0.0667 0.1380 0.0659 0.1381 0.0574 0.1318
90% Coverage Rate 84.5 87.8 85.2 87.7 90.1 88.8
95% Coverage Rate 91.0 93.7 91.3 93.6 94.8 94.5
n = 200, density=25% JMM O3 BG
B B2 B B2 B B2

Mean Bias 0.0142 -0.0171 0.0137 -0.0166 -0.0017 -0.0014
Median Bias 0.0147 -0.0203 0.0137 -0.0181 -0.0019 -0.0029
Standard Deviation 0.0289 0.0652 0.0288 0.0650 0.0284 0.0640
Mean Standard Error  0.0278 0.0636 0.0278 0.0634 0.0278 0.0634
Mean Absolute Bias 0.0259 0.0540 0.0256 0.0536  0.0229 0.0508
Median Absolute Bias 0.0226 0.0460 0.0218 0.0450 0.0193  0.0421
RMSE 0.0322 0.0674 0.0319 0.0670 0.0285 0.0640
90% Coverage Rate 84.4 88.0 84.6 88.2 89.7 90.0
95% Coverage Rate 90.6 94.1 90.8 94.1 95.2 95.7

(a) n=100
—B Median: 0.0723

(b) =200

—2 Median: 0.0146

(¢) n=500

- Median: 0.0058

a— o

Figure 2: Histograms of & — g
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Table 2: Estimation Results of APE

n = 100, Density=25% n = 200, Density=25%
Plug-in Bagging Plug-in Bagging
Xija Xijo Xija Xijo Xija Xijo Xija Xijo
Mean Bias -0.0028 0.0014 -0.0006 -0.0016 -0.0014 0.0007 -0.0002 -0.0006
Median Bias -0.0032 0.0007 -0.0006 -0.0015 -0.0014 0.0014 -0.0002 -0.0001

Standard Deviation 0.0141 0.0273 0.0144 0.0279 0.0075 0.0142 0.0077 0.0145
Mean Standard Error  0.0148 0.0285 0.0148 0.0285 0.0075 0.0142 0.0075 0.0142
Mean Absolute Bias 0.0114 0.0221 0.0114 0.0226 0.0061 0.0112 0.0062 0.0114
Median Absolute Bias 0.0097 0.0187 0.0091 0.0192 0.0052 0.0093 0.0052 0.0097

RMSE 0.0144 0.0274 0.0144 0.0280 0.0077 0.0142 0.0077 0.0145
90% Coverage Rate 91.0 92.1 91.3 91.3 90.0 90.6 88.7 89.1
95% Coverage Rate 95.3 96.5 95.9 96.2 94.8 94.8 94.9 94.5

Note: true values of APFEs are calibrated by a simulation with n = 10,000 agents for all simulations.

method of split-network jackknife to the estimators of APE and find that it does not achieve
meaningful improvement. This is expected because by Theorem [ the asymptotic bias
in estimating the APEs is asymptotically negligible and of an order smaller than that in
estimating .

Table [3| presents the results for estimating the homophily coefficients under misspecifi-
cation of the distribution of ¢;;. We draw ¢;; from the standard normal distribution, but
“mistakenly” specify the distribution of ¢;; as logistic in the estimation. We compare 3 to
the pseudo true value (3, defined in and find that the results are satisfactory. The
performance of our BG estimator dominates other estimators in terms of bias, variance,
and coverage probabilities, highlighting the efficacy and importance of employing proper
bias-correction procedures.

Finally, we investigate how the method works for sparser networks. Specifically, we lower
the density of the network to be less than 9% by setting «; = 0.75 x X; + 0.25§; — 1, so that
the network formation process is driven more by the homophily effect. Table [4] summarizes
the results. It is clear that the performance of our method is negatively affected by the
sparsity of the network. For example, the RMSE’s of the BG estimators of 5; and S, are
0.0365 and 0.0851, respectively, when n = 200 and the density of network is 8.63%. In
comparison, when the density of network is 25.4% in Table [1| for n = 200, the RMSE’s are
0.0285 and 0.0640, respectively. With that said, the way we introduce sparsity actually also
increases the correlation between a and X, which in theory also makes it more challenging
to estimate [y. So, we consider the magnitude of the change in performance to be an upper
bound of the effect from a sparser network. We also find that our BG estimator performs

better than other candidates in almost all metrics.
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Table 3: Estimation Results under Model Misspecification

n = 100, density=27% JMM O3 BG
B B2 By B2 B B2
Mean Bias 0.0611 -0.0570 0.0647 -0.0550 -0.0025 0.0087
Median Bias 0.0608 -0.0568 0.0648 -0.0556 -0.0025 0.0083
Standard Deviation 0.0634 0.1510 0.0636 0.1500 0.0609 0.1441
Mean Standard Error  0.0621 0.1457 0.0636 0.1482 0.0636 0.1482
Mean Absolute Bias 0.0722 0.1279 0.0746 0.1266 0.0484 0.1149
Median Absolute Bias 0.0643 0.1102 0.0662 0.1060 0.0411 0.0980
RMSE 0.0881 0.1614 0.0908 0.1597 0.0609 0.1443
90% Coverage Rate 74.0 87.3 73.1 88.3 90.8 91.7
95% Coverage Rate 84.1 93.0 84.8 93.5 96.9 95.5
n = 200, density=27% JMM O3 BG
B B2 B B2 B B2

Mean Bias 0.0281 -0.0294 0.0296 -0.0273 -0.0017 0.0014
Median Bias 0.0290 -0.0311 0.0310 -0.0286 -0.0001 0.0006
Standard Deviation 0.0305 0.0766 0.0304 0.0761 0.0298 0.0748
Mean Standard Error  0.0304 0.0748 0.0306 0.0751 0.0306 0.0751
Mean Absolute Bias 0.0345 0.0662 0.0354 0.0650 0.0236 0.0594
Median Absolute Bias 0.0311 0.0589 0.0322 0.0563 0.0197 0.0498
RMSE 0.0415 0.0820 0.0424 0.0809 0.0298 0.0748
90% Coverage Rate 75.7 86.1 75.2 87.5 90.2 90.6
95% Coverage Rate 84.7 92.9 83.9 92.9 95.6 95.7
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Table 4: Estimation Results of £y under Sparser Network

n = 100, density=8.6% JMM 03 BG
B B2 B B2 B B2
Mean Bias 0.0447 -0.0825 0.0517 -0.0515 -0.0023 0.0018
Median Bias 0.0446 -0.0802 0.0506 -0.0494 -0.0031 0.0050
Standard Deviation 0.0747 0.1780 0.0749 0.1795 0.0708 0.1700
Mean Standard Error 0.0740 0.1791 0.0742 0.1793 0.0742 0.1793
Mean Absolute Bias 0.0701 0.1582 0.0735 0.1503 0.0564 0.1370
Median Absolute Bias  0.0602 0.1346 0.0622 0.1305 0.0472 0.1179
RMSE 0.0870 0.1962 0.0910 0.1867 0.0709 0.1700
90% Coverage Rate 84.5 85.3 82.3 88.1 91.4 91.2
95% Coverage Rate 91.1 93.4 90.0 94.7 96.4 96.8
n = 200, density=8.6% JMM O3 BG
B B2 B B2 B Ba

Mean Bias 0.0189 -0.0360 0.0215 -0.0221 -0.0035 0.0029
Median Bias 0.0197 -0.0364 0.0221 -0.0242 -0.0025 0.0007
Standard Deviation 0.0373 0.0869 0.0371 0.0871 0.0363 0.0850
Mean Standard Error 0.0359 0.0873 0.0360 0.0872 0.0360 0.0872
Mean Absolute Bias 0.0335 0.0757 0.0346 0.0722 0.0290 0.0679
Median Absolute Bias  0.0288 0.0651 0.0301 0.0628 0.0248 0.0582
RMSE 0.0418 0.0940 0.0429 0.0899 0.0365 0.0851
90% Coverage Rate 83.4 87.0 82.6 89.3 89.4 90.9
95% Coverage Rate 90.4 93.1 89.9 94.1 94.5 96.0
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6 Empirical Illustration

In this section, we provide two empirical applications. First, we apply our method to the
risk-sharing network data of Nyakatoke and obtain economically meaningful results. Our
empirical findings complement the results of (Gao, Li, and Xul (2023)) by showing that wealth
differences do not have a statistically significant impact on the formation of links. Second,
we use the India microfinance network dataset (Banerjee et al. (2013} 2024))) to show how our
method works in capturing important network features such as average degree, clustering
effect, and percentage of isolates. By adding only one more parameter for modeling triangles,

we find that the extended model captures most network features well.

6.1 Nyakatoke Risk-Sharing Network

As an empirical illustration, we apply our estimation methods to the risk-sharing network
data of Nyakatoke, a small Haya community of 119 households in 2000 located in the Kagera
Region of Tanzania. We investigate how important factors, such as wealth, distance, and
blood or religious ties, are relative to each other in deciding the formation of risk-sharing
links among local residents. A similar exercise has been conducted in |Gao, Li, and Xu
(2023), however they only provide point estimates of the homophily coefficients . In this
paper, we estimate [y, individual fixed effects «, and the APEs. We also provide confidence

intervals for our estimates based on the asymptotic results provided in Section [3

6.1.1 Data

The Nyakatoke risk-sharing network data, collected by Joachim De Weerdt in 2000, cover
all of the 119 households in the community. It includes the following: (i) whether or not two
households are linked in the insurance network, (ii) total USD assets and religion of each
household, (iii) kinship and distance between households. See De Weerdt| (2004)), [De Weerdt
and Dercon (2006), and De Weerdt and Fafchamps (2011) for more details. To define the

dependent variable link, the interviewer asks each household the following question:

“Can you give a list of people from inside or outside of Nyakatoke, who you can personally

rely on for help and/or that can rely on you for help in cash, kind or labor?”
The data contains three answers of “bilaterally mentioned”, “unilaterally mentioned”, and

“not mentioned” between each pair of households. Considering the question is about whether

one can rely on the other for help, we interpret both “bilaterally mentioned” and “unilaterally
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mentioned” as they are connected in this undirected network, meaning that the dependent
variable Y;; link equals 1.|ﬂ

We estimate the coefficients for 3 regressors: wealth difference, distance and tie between
households. Wealth is defined as the total assets in USD owned by each household in 2000,
including livestocks, durables and land. Distance measures how far away two households are
located in kilometers. Tie is a discrete variable, defined to be 3 if members of one household
are parents, children and/or siblings of members of the other household, 2 if nephews, nieces,
aunts, cousins, grandparents and grandchildren, 1 if any other blood relation applies or if
two households share the same religion, and 0 if no blood religious tie existﬂ. Following the
literature we take natural log on wealth and distance, and we construct the wealth difference

variable as the absolute difference in wealth, i.e.,
w (X;, X;) = (] In wealth; — In wealth;|, In-distance;;, tie;;)".

Figure [3] shows the structure of the insurance network in Nyakatoke. In the left sub-
figure, each node in the graph represents a household. The solid line between two nodes
indicates they are connected, i.e., link equals 1. The numbers inside each circle represent
the number of links the household has, which is also positively correlated with the size of
the circle. The right sub-figure summarizes the degree distribution for the network. Most
of the households in this network have links between 5 and 13. The maximum degree is 32,

while the minimum is 1.

In the dataset there are 5 households that lack information on wealth and/or distance.
We drop these observations, resulting in a sample size N of 114. The total number of ordered

household pairs is 12,882. Table [5| provides summary statistics for the dataset we use.

6.1.2 Results and Discussion

Table [6] presents the estimation results for the three homophily coefficients using method
of moments (JMM), one-step estimation (OS), and one-step estimation with split-network
jackknife and bagging technique (BG). Since JMM and OS estimators are v/N-inconsistent
with asymptotic bias, we do not report their p-values. The estimated coefficient for wealth

difference is negative using all three methods. However, it is statistically insignificant based

1Tn the context of the village economies in our application, we think, at the time of link formation, the
risk-sharing links are less likely (in comparison with the contexts of business or financial networks) to be
driven by efficient arrangements of side-payment transfers, thus satisfying NTU.

12Notice that distance and tie are dyadic characteristics that may not be constructed by individual level
covariates, however, our theory continues to work if we treat them as fixed.
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Figure 3: Nyakatoke Network Structure and Degree Heterogeneity

Table 5: Empirical Application: Summary Statistics

Variable Obs Mean Std. Dev.  Min Max
link 12,882  0.0732 0.2606 0 1

|(In) wealth difference| 12,882 1.0365 0.8228 0.0004 5.8898
(In) distance 12,882 6.0553 0.7092 2.6672 7.4603
tie 12,882 0.4260 0.6123 0.0000 3.0000
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Table 6: Estimation Results for Nyakatoke Network

JMM OS BG
|(In) wealth difference| -0.0882 -0.0974 -0.0777
- ~ (0.2257)
(In) distance -0.7824 -0.8636 -0.8187
- ~ (0.0000)
Tie 0.6714 0.6287  0.5817
- ~ (0.0000)

Note: p-values of two-side t-tests for BG estimator are reported in the parentheses.

on BG, suggesting that wealth difference does not matter statistically to form a link. To
interpret this result, consider two scenarios. One is when two households possess similar
amount of wealth. Then, everything else being equal, they may not be willing to form a
link because the other household may not have the capacity to insure themselves against
unpredictable shocks such as natural disaster or severe diseases. The other scenario is when
there is a huge wealth difference between the two households. Then, by link formation rule
(4) under NTU, the linking decision is likely to be driven by the household with a larger
amount of wealth. It is again unlikely to form a risk-sharing link because the surplus of
the richer household is likely to be negative from the link. Therefore, the net effect of
absolute wealth difference on forming a link is expected to be close to zero. It is clear that
bilateral agreement required to form a link in a model with NTU plays a central role in both
scenarios. Our estimates of the homophily coefficient for the wealth difference are consistent
with these explanations. Note that the estimated coefficient for wealth difference in (Gao, Li,
and Xu| (2023)) is also negative. However, they do not have inference results for the common
parameters, hence cannot evaluate statistical significance of these estimates.

In addition to the wealth difference, we find the estimated coefficient for distance is
significantly negative at -0.8187, while for tie it is significantly positive at 0.5817, both using
BG estimates. The results are economically intuitive. We also estimate the individual fixed
effects a; and plot their distribution in Figure [l We find that most estimated fixed effects
are in the range of [2,4], although the maximum @; can be as large as 9.5, demonstrating
significant heterogeneity in unobserved characteristics among the households. Finally, we
compute the APEs and summarize the results in Table [7]] We find that the APEs of wealth
difference are not significant based on both plug-in and bagging estimators. Distance between
households and social ties, on the other hand, matter more significantly on average to form

a link.
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Figure 4: Histogram of the Estimated Individual Heterogeneity

Table 7: Average Partial Effects for Nyakatoke Network

Plug-in  Bagging

|(In) wealth difference| -0.0065 -0.0083
(0.2124) (0.1126)

(In) distance -0.0576  -0.0641
(0.0000)  (0.0000)
Tie 0.0514  0.0501

(0.0000)  (0.0000)

Note: p-values of two-side t-tests are reported in the parentheses.

37



6.2 India Microfinance Network

As a second application, we apply our method to the India microfinance network dataset
(Banerjee et al. (2013, 2024)), which contains detailed demographic information about every
household surveyed and their links within each of the 75 villages. A brief discussion of
the data is first provided. Then, we present estimation results for both the homophily
parameters [y and the individual fixed effects a for each village. Finally, we investigate via
a simulation study how our method can capture important network features such as average
degree, clustering effect, and average path lengths that are present in the observed India

microfinance network.

6.2.1 Data

Banerjee et al.| (2013]) conduct a detailed survey among villagers in India, asking them
about their daily interactions as well as demographic information such as caste, family size,
and wealth with various measures. The survey covers 89.14% of the 16,476 households across
75 Indian villages in the sample. On average, there are n = 220 households in each village.

As for the dependent variable, we follow |Chandrasekhar and Jackson| (2023)) to consider
two types of links, one defined as “information link” if two households exchange advice with
each other and the other as “favor link” if they borrow or lend material goods from each
other. As for the covariates, we use six dyadic variables that are constructed based on the
demographics of each household. The first set of covariates are binary, defined to be 1 if
two households share the same characteristics and 0 otherwise. These binary characteristics
include (1) what caste group the household belongs to, (2) whether the household has access
to electricity, (3) what type of latrine the household uses, and (4) whether the household
owns or rents a house. The second set of covariates include the absolute difference of the
number of beds and the number of rooms between any pair of households. In Table [§ we

present the summary statistics of these variables.

6.2.2 Estimation Results

We estimate a and Sy for each of the 75 villages for both the information network and
the favor network based on our BG estimator. Figure [ and [6] summarize the distribution
of the t-statistics calculated based on the estimated B ’s for the information network and the
favor network, respectively. Figure [7a] and [7b| show the distribution of the estimated a; for
each network.

We draw the following conclusions. First, for the first four binary covariates with “same”

in the name which capture whether two households share the same characteristics, the esti-

38



Table 8: Summary statistics of Indian networks

Variable Obs Mean Std. Dev. Min Max
Information link 1,238,970 0.0330 0.1787 0 1
Favor link 1,238,970 0.0388  0.1932 0 1
Same caste 1,238,970 0.4828  0.4997 0 1
Same electricity 1,238,970 0.5244 0.4994 0 1
Same latrine 1,238,970 0.6201 0.4854 0 1
Same ownrent 1,238,970 0.8488 0.3583 0 1
Bed number difference 1,238,970 1.0371 1.4439 0 50
Room number difference 1,238,970 1.2789 1.2898 0 18

mated B ’s are generally significantly positive for both networks with the majority of probabil-
ity mass of the t-statistics lying to the right of 1.645, the 95" percentile of standard normal
distribution. The implication is that two households with the same caste, access to electric-
ity, latrine, own or rent a house are more likely to be linked, which is intuitive. Second, the
opposite pattern is observed for the E ’s for the last two discrete covariates that capture how
two households differ in the number of beds and rooms for both networks. For example,
in Figure [5] most of the ¢-statistics are negative, suggesting a negative correlation between
the difference in the number of beds and rooms and the likelihood to be connected for two
households. Third, the t-statistics for the estimated 23\ for “same caste” is much larger in
absolute value than those for the other covariates such as “same electricity” or “room number
difference.” It shows that caste plays a crucial role in determining link formation in Indian
villages. Finally, from Figure [7a] and we observe significant heterogeneity in the distri-
bution of @; across individuals among all the villages, which highlights the importance of

allowing for unobserved heterogeneity in the model.

6.2.3 Matching Features of Empirical Network Data

As pointed out by |Chandrasekhar and Jackson| (2023), a challenge for many network
formation models has been to capture multiple observed features of networks simultaneously.
They show via a simulation study that many network formation models, including stochastic
block model, network formation model with degree heterogeneity (Graham| (2017)), latent
space model (Hoff et al.|(2002)), and exponential random graph model, struggle to fit those
features that are present in the observed networks in the data. The same rationale applies
to our link formation model with NTU that rules out link interdependencies, which would
naturally produce low clustering coefficient. Nonetheless, we show that it is possible to

resolve this issue by combining it with other independent subgraph formation processes
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such as triangle formation that introduces only one more unknown parameter (see Newman
(2009); Karrer and Newman, (2010) for this class of models and (Chandrasekhar and Jackson
(2023)) for an important application and adaptation to econometrics).

We briefly review the features of the graph structure that are included in Table[9] These
features are also used by Chandrasekhar and Jackson, (2023)) in their Table 1. The first one
is the average degree which is the average number of links for each node. The second is the

clustering coefficient defined by

. Zn: ci, with ¢; := 2 Z#i ij’k# Yin}kYkia

n ‘= d;(d; — 1)
where d; = ) i Yij 18 the degree of node i. It captures the number of triangles that a
node lies in on average. The third and fourth measures include the number of isolated
nodes and the fraction of the nodes that belongs to the giant component of the network,
respectively. The fifth feature is the first eigenvalue of the adjacency matrix, which is a
measure of diffusiveness of a network under a percolation process (Jackson (2008))). The
sixth measure is the second eigenvalue of the stochasticized adjacency matrix™], a concept
closely related to homophily (Golub and Jackson! (2012)) and is similarly labeled in Table [9]
Lastly, we consider average path length in the largest component of the graph.

We provide details on how to extend the baseline link formation model to allow for

more clustering effect in Appendix [D] The idea is to introduce a separate link formation

mechanism where the outcome binary variable for whether a triangle is formed or not is i.i.d.

13The stochasticized adjacency matrix Y is defined as XN/ij = %, where either Y;; = 1, or Y;; > 0 for
some k # 1.
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Bernoulli across the triads (Newman, (2009)); Karrer and Newman| (2010)) with unknown
probability 1 — A,g. Then, the link between each pair of nodes is determined by the max
of the baseline model and the triangle model. For each village, we estimate (ag, Ao, Bo)
using the method outlined in Appendix [D] Then, for each village we generate 100 simulated
networks based on the extended network formation model. We calculate the seven measures
of network structure discussed above for each simulated network and average it over the
100 replications to get the network statistics of 75 villages. Finally, we present the average
measures and standard errors across the 75 villages. For transparency purpose, we also run
the same exercise with our baseline model only and present the results in Table @

Table |§] presents the main results. First, the baseline model can capture most of
the network features except clustering reasonably well. For example, for the information
network, the true average degree is 7.4382 while the simulated average degree is 7.4434 based
on the baseline model. The clustering effect, on the other hand, shows a larger discrepancy
between the truth of 0.2202 and the simulated value of 0.0951 for the information network,
which reveals that dyadic network formation models tend to underestimate the number of
triangles in the network, a challenge that is also shared by classic methods of stochastic
block models with unobserved heterogeneity (e.g.,|Graham| (2017)), latent space model(e.g.,
Hoff et al.|(2002)), and exponential random graph model. Second, by extending our model
to include triangles with only one more unknown parameter, the extended model is able
to capture all seven network features very well. Notably, the clustering coefficient simulated
from the extended model (0.1868) is significantly closer to the truth (0.2202) than what
the baseline model generates (0.0951). A similar pattern is observed for the favor network.
Meanwhile, including triangles into the model does not change other network measures,
especially the average degree, by much.

It should be pointed out that we do not have theoretical results for estimating the ex-
tended model. Thus, the results presented in Table [9] is mainly to illustrate the flexibility
of our baseline mode (4)) and how to adapt it to capture triangles of a graph. We leave a

thorough investigation of the theoretical properties of the extended model for future research.

7 Conclusion

In this paper, we propose an easy-to-compute bagging estimator for the homophily co-
efficients in a dyadic network formation model with NTU. We show that the proposed bag-
ging estimator has desirable theoretical properties of being asymptotically normal and v/N-
consistent, as well as achieving the Cramér-Rao lower bound. We also propose uniformly

consistent estimators for the high-dimensional individual fixed effects. Two extensions to
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Table 9: Summary statistics of fitted networks with covariates

Information network Favor network

True Baseline Extended True Baseline Extended

Degree 7.4382 7.4434 7.6757 6.3670 6.3751 6.5948
(2.0282) (2.0118) (2.1508) (2.0063) (1.9955) (2.1624)

Clustering 0.2202 0.0951 0.1868 0.2846 0.0804 0.1728
(0.0517) (0.0426)  (0.0578)  (0.0514) (0.0427) (0.0655)

Isolates 7.2933  10.5461 9.4551 6.8933  10.9647  10.4915
(4.8049) (6.7639) (6.3471) (4.2851) (6.2719) (6.7905)

% Giant 0.9560 0.9387 0.9455 0.9510 0.9361 0.9398

(0.0260) (0.0340) (0.0327) (0.0519) (0.0287) (0.0322)
Max Eigenvalue 107867 11.1938  11.3919  9.0273  9.3499  9.5249
(2.8043) (2.5858) (2.5951) (2.4847) (2.3669) (2.3875)
Homophily 0.8703  0.7527  0.7348  0.9396 0.8135  0.7711
(0.0795) (0.0837)  (0.0800) (0.0497) (0.0869) (0.0881)
Ave Path Length  3.0099  2.7826  2.7612  3.5436  3.0037  2.9363
(0.4185) (0.3048)  (0.2958)  (0.6299) (0.3543)  (0.3403)

consider APEs and model specification are presented. The efficacy of all our estimators is
examined via extensive simulations. We find that the estimators perform well under small
sample size, various DGP configurations, relatively sparser network, and model misspecifi-
cation. Finally, two applications of the method to the Nyakatoke risk-sharing network data
and India microfinance network data highlight its usefulness and relevance.

There are several research questions worthy of further examining related to the findings of
this paper. Being the first paper providing estimation and inference results for the homophily
coefficients in a dyadic network formation model with covariates, individual fixed effects,
and NTU, our theoretical analysis relies on the additivity among the index term X /3, fixed
effects «, and idiosyncratic shocks € in specifying the utility surplus from the link for each
individual. Additionally, we require the knowledge of the distribution of €. Relaxing these
restrictions is desirable to make the result more robust and reliable, however at the cost of
more complications in deriving the theory and implementation of the methods. We consider
applying the theory of sieve MLE method (Shen| (1997); Chen| (2007)) to generalize the results
of this paper to be potentially useful and promising. Second, as noted in the introduction, one
limitation of our model is that we exclude interdependencies in link preferences. So, a natural
question to ask is whether it is possible to test for the assumption of no interdependencies
in dyadic network formation models with NTU? Essentially, this boils down to testing the
“neglected transitivity” in link formation process (see |Graham (2017)); |Dzemski| (2019) for

the case of TU). It would be useful to adapt existing tests (e.g., the LM test for neglected
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transitivity by [Hahn, Moon, and Snider| (2017))) to the NTU setting. Perhaps an even more
challenging question is how to do estimation and inference in a dyadic network formation

model with NTU and link dependency. We leave these research questions to future work.
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Appendix

A Matrices and Lemmas

In this Appendix, we first give explicit formulas for the various matrices used in the
main text. Then, we present several lemmas that are used in the following proofs. Recall
some notations: for an n x n matrix A, we write ||Alj; = maxi<;<, [|Aill1, [|[Alle =
maxi<j<p ||Ai |1 and ||A||max := maxi<; j<p, |Ajj|, where A; and A;. are the ith column and
row of A, respectively. In the appendix, we write “a, =< b,” to denote a, = O(b,) and

b, = O(a,) simultaneously, use C1, Cy, ... to denote strictly positive and finite constants.

A.1 Definitions of Matrices in the Main Text

Jacobian matrix. First, J;;(a, §) is an n X n matrix with its off-diagonal and diagonal

elements equal to

[J (a7ﬁ>]z]:_FH(a ﬁ)fﬂ(a B)? 1 <i#j<nand

[J a7ﬁ Zfzj 5), 'L.Zl,...77’l,,
J#i

respectively. Clearly, [J1;(«, ﬁ)]ij # [Ju(a, B)] ji~ Moreover, there is a specific relationship

between diagonal and off-diagonal elements; i.e.,
[Jl].(a?ﬁ)]ii:Z[Jll(avﬂ)]ji7 Z:L,TL
J#
Hence, Jy1(cr, 8)T is asymmetric and diagonally dominant with strictly positive entries by

Assumption . We prove that Jy; (e, §) is invertible under Assumptions below.

Next, Jio(ax, ) is an n x K matrix with its ith row written as

= fiila, B)Fiilex, ) + Fyj(ex, B) frilex, )] .
J#i
Similarly, Ja1(ex, 8) is a K x n matrix and its ith column is —> ., fi;(a, B) Fji(ex, B)zi;-
Finally,

JQQ ZZfzg ﬁ)%]d;

1=1 j#i

is a K x K matrix.

Variance matrix of moment equations. Vi;(a, ) is an n x n matrix. The off-diagonal
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and diagonal elements of V(e ) are

[V (a,ﬁ)]w =pij( ﬁ)(l pi(e, B)), 1<i#j<nand
1(a, Zp,] (1 —pji(a, B)), i=1,...,n,

JFi

respectively. Vi, is an n x K matrix with its ith row equal to Z#i pii (o, B)(1—pij(a, B))x).

ij
Finally, Vo, = 377 270 pij(e, B)(1 = pij(e, B))wi ;.

Hessian matrix. For Hy;(a, (), an n X n matrix, it has entries:

fij(a, B) fii(e, B)
(1 —pijla, B))*

(e B)Filex, )
(08 =3 | = F, o 3101 = ptar 3] 0P

A9 (BB (e B) (L = piy (e, B)) = f (e, B) (1= 2py (@, )
Fi(a, B)(1 = pij(e, B))?

Next, His(ar, 8) is an n X K matrix and its ith row can be written as

3 [_(1 _ yij)fij(aaﬁ)fji(avﬁ) fi(e, B)Fi(ex, B)

Hii (o, B)]ij = — 1<i#j<n,

(v, B))

,1=1,...,n.

(1_pij(aa6>)2 E](avﬂ)(l_pz](avﬂ))

£ (e, B)Fy(e, B)(1 = pijlex, B)) — f2 (e, B)(1 — 2py(er, B)) +
+ (yzj _pij(a7 6)) Eg( ﬁ) (1 _ ng( 6))2 xij] :

J#

Finally, Hos (e, B) equals

il B) fii(a, B fz2g( , B) Fji(ex, B)
ZEJ Jis(e A) e, 6)

i) (1 —pij(e,8))>  Fjla,8)(1 — pij(e, B))
F (e, B)Fyj(er, B)(1 — pijler, B)) — f2 (. B)(1 — 2py(ex, B)) T]

=1 j#i

+ (yij — pij(e, B)) X Fé(a,ﬂ)(l — pij(a, B))? Lijlij| -

Information matrix. First, Ij;(a, ) is an n x n matrix with off-diagonal elements and

diagonal elements equal to

fij(e, B) fii(ex, B)
1 —pije,B) 7
fz2]<a B) JZ( . 3) ;=

sz( ﬁ)(l—ng( ﬁ», T

1<i#j<n, and

L (e, B)]i; =

[111(0475)]11 =
J#i
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respectively. Next, I1o(a, §) is an n x K matrix with its ith row written as

fij(avﬁ)fji(aaﬁ) %(a,ﬁ)Fji(a,ﬁ) T
2 [ 1 — pij(e, B) " Fij(a, B)(1 _pij<a7ﬂ)):| v

i
Finally, I (a, 8) equals

-
ij:

XijT

ZZ |:fz] f]’L 6) + z%(avﬁ)F’]z(aa6> :|
i=1 j#i _plj /8) Ej(a76)(1_pl](a75))
In what follows, we use the mean value theorem for vector-valued functions in its integral

form, which is also used in (Chatterjee et al. (2011). For example,

(&, 0) - mifa ) = | [ et 16— ). 0)it] (&~ @) = J7,(6. 0 0) (@ - ).

We write J{; (@, a; 5) as J9, (@, ) whenever there is no confusion, other integral form

Jacobian matrices are defined similarly. Notice that for each fixed ¢t € (0,1), we have
Ju(a+t(a—a), B, = Ej;ﬁi Ju(a +t(a - a)’ﬁ)]ji’ S0

3@ / S [ue+ @ —a), )l dt = 3 35 (@ o),

0 JFi J#
which implies J{, (@, ) inherits the diagonally dominant property from Jy; (a+t(a—a), 5).

A.2 Analytic Approximation of J;|!(a, 3)

We adapt Theorem 1 of [Yan| (2019) to the NTU framework here to provide an analytic
approximation for the inverse of the Jacobian matrix Jq; (e, §) and bound the approximation
errors. Similar approximation techniques have been used in proving asymptotic normality
for network estimation problems, e.g., [Yan and Xu/ (2013)), Yan, Jiang, Fienberg, and Leng
(2019), |Graham| (2017). We prove that Ji1(e, §) is non-singular for n large enough and

J1| (a, B) is well approximated by a diagonal matrix.

Lemma 1. (Yan| (2019)) Suppose an n xn matric A = (a;j)nxn is invertible with its entries
all positive and a; > Z#i aji. Let B = [diag(ai1,as, ..., ann)] ™t A = ay — Z#i @ji,

M = max{max<;zj<, @;j, max;—1__, A;}, and m = minj<;zj<p a;j. If M <1 and m <1 we

,,,,,

have
[A™! = Bllmax = O(n?). (44)

Proof. The proof is adapted from |[Yan (2019), for completeness, we present what is different
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from his proof here. Let I, be the n x n identity matrix. Define
F=(fij)nxn=A""=B, U= (t)nxn=1In— AB, W = (w;;)pxn = BU.
Then, we have
F=A'-B=(A"'-B)(I,-AB)+B(l, - AB)=FU + W. (45)

Some algebra leads to

n n 6 . i as;
uij = 0ij = Zaikbkﬂ' = 0ij — Z&ikﬁ =0y — =+ = (05 — )=, (46)
k=1 — i aj; Qjj
and
n n 5@ Qs 52 . 1 a;;
iy =3 b = 3 2 5y — 1) 2 = O = D, (a7
k=1 k=1 Qi a]] azzajj

Recall that m < a;; < M and (n — 1)m < a;; < (n—1)M. When ¢ # j, we have
Q45 M
Qi Q g5 - mQ(n — 1)2’

such that for ¢ # j # k, the following bounds hold

0<

M M
wiy; =0, |wy| < m, |wi; — wig| = |wig| < m7
M
|wi; — wi| < max(w;;, wy,) < m
It follows that
M o
max(|wg|, [wi; —wi]) < m, for all 4, j, k. (48)

We use to obtain a bound for the approximate error ||F||ymax. By and ([46]), for any

1 < n, we have
fij = Z Jirup; + wij = Z ik (Orj — 1)ﬁ + wj. (49)
k=1 k=1 77

Define fip = maxi<g<n fir and f;e = mini<x<,, fix. First, we show that f;c < 0. Since for any

fixed 7, we have

Zfikaki = Z ([A_l]ik - iﬁ) ap; =1—-1=0.
k=1

k=1 (2

Hence, fie Y py aki < >y fikar; = 0. So, we have f;e < 0. Similarly, we have that f;y > 0.
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Recall that

n n a A
agg = Zak(; + Ay = Z(l — Okp)arp + Ag, hence, 1 = Z(l - 5k9)ﬁ +— (50)

a a
k40 k=1 k=1 00 00

for any 6, which yields the following identities

. e Dg| a0 fiel
ff f€ _;( ke) age a96’_ ;ff( k0>a99 ago
& ae | De] & ake | JieDe
fie =fie (1—=bpe)—+—| = E Jie(1 = Ope)— + ——, (51)
; I age Qg

where the first and second part of this equation use for agy and age, respectively.
By combining with the first part of where we set j = 6 in , we have

- a fi.EAG

i0 T Jie = ie — fir) (1 — ) = + wig + 52
fio + fie ;m fe) (1= Gra) 2 4w = (52)
Similarly, we have
= a i A
2ie =3 (e — Fa) (1 — 1) € 4 e + 152 (53)
— Qg Qg
Subtracting from , we have
n (e (g Ay As)
o= e = Y= £ | (1= B2 - (1= 810022 g =t £ (57— 25 - (60

k=1
Let Q = {k: (1 — Oke)are/age > (1 —0rp)arg/age} and define X as the cardinality of 2. Notice
that 1 — dgg = 0 and 1 — d¢e = 0, we have § € Q and £ € Q (here we assume that § # &.
Otherwise, when 6 = ¢ we have fi9 = fi;e = 0, which is trivial.) Consequently, the cardinality
satisfies 1 < A <n — 1, and then

n

> (fae = fie) {(1 — Ghe) (1 — 51@9)%}

= et aop

< Z(fzk: — fie) [(1 - 5k§)% —(1- 5k9)%]

Q, a
keQ &€ 00

< (fio — fie) [stzakf B Zkeg(lag_g 5’“9)%9}
AM (A= Dm
< (fio = fie) {/\M+(n—1—)\)m (A - 1)m+(n—>\+1)M}
nM — (n —2)m (n —2)Mm
< (fio — fie) {nM+ (n—2)m [(n—Q)m+M][(n—2)m+2M]}’ (55)
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where the last inequality comes from equations (15)-(17) of [Yan (2019)), which is obtained

by a maximization with respect to \. Because

Ay Ag 2M
2 ) < (fy — Fe)——
fz£ (GGG CL&) = (fzé‘ fzf)m(n — 1) (56>
Combining (54)), (55), and (56), we have
max; j k \wik - wi§| M
o s
Jo = Jie = = Cl,m, M) = m(n— 12C(n, m, M)
with
nM — (n — 2)m (n—2)Mm 2M
Clnym, M) =1 — - -
(n,m, M) nM+(n—2)m [(n—2)m+ M][(n—2)m+2M] m(n—1)
2(n — 2)m (n —2)Mm 2M

T aM+(n—2)m  [(n—2)m+ M][(n—2)m+2M] m(n—1)

= 1.

provided that m/M = 1. This proves that for each i, we have maxy—1__, |fix| < fio — fie =
O(n=2) as m, M =< 1. Hence, we have shown [|[A™! — Bl/nax = [|Fllmax = O(n7%). O

Based on this lemma, we prove that J;;(e, 8) is non-singular for (o, 5) € A x B and

large n.

Lemma 2. Under Assumptions and@ for n large enough, the Jacobian matriz Ji;1 (e, B)
is invertible for all (o, B) € A x B.

Proof of Lemma [2. We partition Jy; (e, 3) into a block matrix as

’ [Jll(aaﬂﬂnx(l;n,l) [Jll(a,ﬁ)]nn 7

where the subscript denotes the specific rows/columns that each sub-matrix includes. Recall
that [Jui(e, B)];; = 22,4 [Jui (e, B)];, the first sub-matrix [Jii (e, 8)] 1,1y (1.1 18 strictly
diagonally dominant with all negative entries, hence it is non-singular. Lemma 1| demon-

strates that its inverse can be approximated by diag ([Jn(a,ﬂ)]l_ll o [T (e B )

n—In—1

with maximum entry-wise error of O(n~2). Under Assumptions [2 and , Ju(a, f)],; =
-n, [Jll(a’ﬁ”z] = _17 ] 7é ia and

[Jll(a7 ﬁ)]nx(lzn—l) [Jll(a7 ﬁ)](_l?n—l)x(lzn—l) [Jll(a7 6)](1:n—1)xn
= [Tl B onny diag ([F11 (e, B) - (e B L1 1) (e B)] g1y
+0(n72) % [J11(, )1y 117 [T11(@, B)] 11y
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Ju(a, B)],,; (11 (e, B)],, n=? o y N |
= > Jn( ) + O ){Z[Jn( ,5)]m} {Z[Jn( ,5)]”1}

i#£n Ji i#£n i#£n
— 0(1).

Thus, we have

[Jll(a7 6)]7171 - [Jll(av 6)]n><(1:n—1) [Jll(av 6)](_1?n—1)><(1:n—1) [Jll(av ﬂ)](l:n—l)xn
=<-n—0(1)#0

for n large enough. Finally, by the formula for the determinants of block matrices, we have

det [J11(ax, §)]
= det [Ju1(@, B)] 101y (1m1)

X {[Jll(ohﬂ)]nn - [Jll(a76)]nx 1in—1) [J11(cx B)]En—l)x(m—n [Jll(avﬁ)](lzn—l)xn}
# 0.

for n large enough. Hence, Ji; (e, 5) is invertible for large n. [J

For the inverse of Jy1 (e, 5), it is straightforward to verify that —J; (e, ) satisfies con-
ditions inl Let T(a, 8) = [diag (J11 (e, 8))]". Applying Lemmato —Ji1(e, ), we have
I[=J11(c, B)] " + T(a, B)]|max= O(n~2) under Assumptions 2 and [3] All of these results
could also be applied to J9, (&, ), we use T°(&, o) to denote the diagonal approximation
for [JS, (&, a)] "

A.3 Deviation Bound

We give some non-asymptotic deviation bounds in this subsection. The following prob-
abilities are defined conditional on a and x and we suppress such conditioning whenever
there is no confusion. Lemma[3|below controls the deviation of the weighted sum of centered
Bernoulli random variables, i.e., > i Xij(Yij — pij). This result will be used extensively in

the proof.

Lemma 3. Under Assumptions and[3, and bounded constants max;; |\;| < Cy, we have

6 logn
ZAH yl] plj) > Cl —gl } S 27172. (57)
J#i

Pr< max
1<i<n n — 1

Proof. First, notice that [A;;(vi;—pi;)| < 2C because y;;—p;; € (—1, 1); in addition, y;;’s are

independent Bernoulli random variables with expectations p;;. By Hoeffding’s inequality (see
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Theorem 2.8 of Boucheron, Lugosi, and Massart| (2013))) for sum of bounded and independent

L 1\42
> t) < 2exp <—%> .
1

random variables, we have

Pr( 1
n—1

Letting t = C1/6(n — 1)~ log n, we obtain
Pr 1 > (4 Glogn <2n~ T Zon 3,
n—1 1

By Boole’s inequality,

> Xijlyig — piy)

J#

Z Aij(Yij — Dij)

J#i

Z Aij(Yij — Pij)

j#i

1 61
Pr <max > (Y 0gn) <n-2n"%=2n"2 (58)
1<isnn — 1 1

We complete the proof. []

Based on Lemma [3| we can bound the estimation error of &(fy) — g, which guarantees
that our moment estimator for ay would be uniformly consistent if 3y were known. This

result can be strengthened to prove the second part of Theorem [2| which we will do in
Appendix [B]

Lemma 4. Under Assumptions and@ for bounded constants max; j |\;;| < Ci, we have

Pr{ %ZZ)\M(%‘;‘ —pij)| > Cy/ 21(;5]\7} < (n(n—1))"" (59)

i=1 j>i
Proof. Similar to the proof of Lemma [3| by Hoeffding’s inequality, we have

1 [« Nt?
Letting t = C14/ 21‘}51\[, we obtain
1 |— [21log N _ _
Pr (N ;;)‘w(yw —pij) > Cl N > S 2N 1 = (n(n — 1)) 1. O
Lemma 5. Under Assumptions and@ with probability at least 1 — 2n=2

1&(Bo) — cxollo = O ( 1°g”> ,

, we have

n
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and

TR =o(r). (60)

Proof. The rest of proof is conditional on the following event, which happens with proba-

bility at least 1 — 2n~2 by Lemma (3)):
o 1 Glogn logn
5n~—{2%§n_12(yij—mj) < n—1_0< n )}

JF#i
For any finite n, a first-order Taylor expansion of the estimating equation for a(fp),

Hmaw S+ (1) " mufeo f)

m (a(fBy), Bo) = 0, around ayy gives

m; (a(Bo), o) — my (e, o) = J7;(a(Bo), o) (@(Bo) — )

which implies that

a(fBy) — o = — [J(ﬁ(a(ﬂo)» 040)]71 m; (o, Bo) (61)

because mi(a(f), 5o) = 0 by the definition of a(f5y). Recall the diagonal approximation of
(3, (a(By), )] is T°(a(By), ap). By Lemma , we decompose @ () — ay into two parts
and apply the triangle inequality:
la(Bo) — exol[oo
= ['T°(e(o), exo)m (exo, Bo) + [I71 (@(fo), o) — T°(@(fo), cxo)]mi (exo, Bo) |
< [['T*(a(fo), o) mi (exo, Bo)llo + [[J71(€(B0), ) — T (x(o), cxo)mi (exo, Bo)||o
< T (a(fo), ao)lloollm1 (e, Bo)llos + [[971(2(B0), o) — T*(x(Bo), o) o lm1 (exo, Bo) [l o

Let’s analyze the two parts on the right hand side of the last line separately. For the first
part, notice that T°(a(5), o) is a diagonal matrix and each diagonal element is of order
O(n™1) uniformly, hence ||T°(a (), o)||cc = O(n™1). Recall the definition of m; (v, Sp)

and by Lemma [3] we obtain
_0 ( log n) .
n

193, (8(6o), o) — T°(&(Bo), exo)lloo < |7, (8(Bo), @t0) — T°(&(Bo), %0)l|max = O(n ™).

|T°(a(Bo), @)l oo [ mi (o, Bo)||o = O(n™") - max

1<i<n

> (Wi —pig)

JF

For the second part, by Lemma [I, we know that

Hence we have

1971 (@(o), o) — T*(&(f0), o) |l [l (0, fo) [l
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=O(n ') - max
1<i<n

> (i — )

J#i

1
_0 ( og n) '
n
Combining these two results, we have

16(60) — cvlloe = O ( 10g”> .

n

We turn to the proof of . By a second-order Taylor expansion, which is also used in
the proof of Lemma 6 of |(Graham| (2017,

m; (&(fo), fo) — mu(exo, fo)
> (@) - a)W] 6(f) — o] (62)

k=1

= Jui (o, fo)[a(By) — o] + %

with mean value &* lies between @(3y) and g and it may vary with different k. With a
slight abuse of notation, we write all &* as &. Because only the kth row and the kth column

of Ji1(a, B) contain functions of ay, by a direct calculation we summarize the entries of

Ay = %ﬁ:ﬁo) as
(Ak)pg =0, p#kandq#k,
(A = = fu(e, Bo) fu(@, Bo), 1 #Kk,
(A = — [ (& ﬁo)Flk( 50) L #k,
(Ar)r = Z fkp &, 5)-
p#k
Hence, let A =5, (quw (o) — o, )W where its entries are

Aij = —(d'(ﬁo) — o) fij (e 50)fji( e /60) — (&;(Bo) — ajo)f;j)(dﬁo)ﬂj(d,ﬁo), i F ]
Ay = — Qo Z (1) a, B) — Z(@k(ﬁo) — o) fir(@, Bo) fri(ex, Bo).
e k#i

Define the n x 1 vector

n

=Y (ax(Bo) — ao)

k=1

oJ11(a, By)

Dok [ (50)—040],

58



its 1th element n; can be calculated as

ni = Nii - (&(Bo) — cvio) + ZAij - (65(Bo) — ajo)

j#i
= =" P (6 Bo) Fi( @, Bo) (6 Bo) — ai)?
j#i
— > fiil6, Bo) f1i(6, Bo) (G Bo) — cvio) (6;(Bo) — vjo)
J#i
3" D@ Bo)Fy(é, Bo) (65(Bo) — o).
J#i

By Assumption l i Jigs f are all bounded by some constants. So, we have
il <3(n—1)-0(1) - & — e[,

uniformly for ¢ = 1,...,n, which implies that

logn

Il <300~ 1)-0(1)- 0 ( ) — O(logn)

n

because ||[a — apl|,, = O(y/(logn)/n). By the triangle inequality,

_ _ _ logn
15l = [T + 35 = Dyl < (1T = 135 = To) 7]l = O ( : ) .

Finally, from (62)), we have

Hma(ﬁo) — ) + (%) h _m1<3%, bo)

1 _
‘ = H§\/5J11177

o)

This completes the proof. [

B Proofs of Main Results

In this Appendix, we present proofs of Theorems [I}{3] Corollary [I] and Theorems [4Hg]

B.1 Proof of Theorem (1

Before the proof of this theorem, we state a different version of Lemma 2.1 of Chatterjee,
Diaconis, and Sly| (2011)). Given § > 0, we say an n X n matrix A belongs to the class G, (9)
if |Al; <1, and for each 1 < i # j <n,

A;; <0, and Ay; > —

n—1
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Lemma 6. If A,B € G,(9), we have

2(n —2)

|[AB[; <1—-—— 1 6%,

Proof. This is equivalent to proving if A, B € G,(9), then
2(n—2
“BTATHOO S 1 — (n )527
n—1
which is a direct application of Lemma 2.1 of |(Chatterjee, Diaconis, and Sly| (2011)). O

We prove Theorem [1| based on this lemma.

Proof of Theorem [1l First, we suppose there exists a solution to m;(ea,3) = 0. Let

G(a, @) be the matrix whose (7, j)th element is

[GO(a,a)]ij:/O Ui o + (1 — t)@)dt.

Oa;

Then by an integral type of mean value theorem, we have
rla)—r(a) =G (a,a)la—a).

Notice that for i # j, Or;/0a; = —(n — 1) fi;(e, B)Fji(ex, ) < 0; while for each i, Or;/0c; =
1= (n—=1)>2, fijle, B)Fji(ex, B) > 0. Moreover, for each i,

“ 67} 87"]
- =1
Z (9%- Z 8@1
J=1 J#
For each i and any c, this proves > 7 [[G°(a, &@)];i| = 1, i.e., |G°(e, @)]l; = 1. By Assump-

tions [2] and [3 we know that f;;(c, 8)Fji(ax, B) € [cica, (1 — ¢1)(1 — ¢2)], this demonstrates
that

87‘j
30@

8rj < C1Co

T
s = a1 and e > ¢+ Cy — €16y > CpCy,
i — i

where the last inequality is because that ¢; + ¢y > 2,/¢1¢5 > 2c9¢5 provided that ¢p,co < 1/2.
So if we choose 6, = c1cp (< 1/4), it is obvious that [G°(a, @)];; < 61 and [G°(ev, @)];; >
—-%_ . Therefore, we have proved G°(c, @) € G,,(6).

By the updating algorithm specified in Section [3.1] after every two updates, we have

lo**2(8) — a(B)[ls = [[r(r(e*(8))) — x(r(a(B)))llx
= [G°(x(a"(B)), &(B))(x(a"(8)) — &(B))Ih
< [G°(x(e"(8)), &(B))G" (" (8), &(B)) (e (8) — &(B)) Il
< [G°(x(a(8)), &(8))G" (" (8), &(B)) 1]l (B) — &(B)Ih



< (1- 2228 lot9) - a@lh

where the first equality holds by the fact that a(5) = r(a@(f)) which implies a@(f) is the
fixed point of the updating function, and the last inequality holds by Lemma [f] We write
§i=1-2n=2 62, the second inequality of Theorem [1|is proved.

n—1

The proof of the first inequality is the same as above, thereby omitted for conciseness.

By this result, r(a) is a contraction mapping for (¢, 5) € A x B. So, if there exists
a solution a@(f) € A, then the solution is unique. Now we prove of the existence of the
solution, where the main technique is adapted from Yan, Qin, and Wang| (2016b)) and Yan,
Jiang, Fienberg, and Leng (2019). Define a sequence of Newton iterations a*+1) = o) —

0) = ay. Following Proposition A.1

J (@™, B)m;(a®, 3), and choose the initial value as o

of [Yan, Qin, and Wang| (2016b)), in a convex subset ) C A that contains « it is sufficient to

establish three facts: (1) Ji;1(a, §) is Lipschitz continuous with Lipschitz constant of order

O(n), 2) M@, B)]., = O(n~), and (3) ||3;: (o, B (@, A)||. = O(IIB — ful,).
For the first fact, we calculate the derivative of J1; (e, §) with respect to a:

(

- Z#i % 1=7= k%
0y )% i # gk =i
o | _Zou i k=],
0 ortherise.

\

fol BJ“’“(toé;t(l_t)”) = O(n). Hence Jy;1(ex, B) is Lipschitz

continuous with Lipschitz constant O(n). The second fact is a direct application of the

which implies that max; ij‘

inverse approximation Lemma |1l Finally, the third result follows from

[[I11(xo, B)] 'y (v, B)]|

|| [T11(exo, 8)) "y (exo, Bo)|| . + || T 11 (o, B)] " [y (exo, B) — my (exo, B)]||
< 0p(1) + O (I8 = boll,)
= O (18 = Boll2) »

where the first inequality holds by the triangular inequality and the second inequality is

true by Lemma [3] and the Lipschitz continuity of F(-) under Assumption [3| Then, by an
application of Proposition A.1 of Yan, Qin, and Wang| (2016b), we have limy_,, a'®) exists

IN

o0

and the limit equals to a(p) if |8 — Bol|, < ¢ for some constant ¢ > 0. O
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B.2 Proof of Theorem [2

Recall the concentrated moment equation and its population counterpart are

-1

5.9 = (3) ma(@(9.9) i 5,00 = (1) Bimtad) M. el

respectively, where a(f) is the unique solution to E[m (e, 8)|x, o] = 0. By Assumption [4]
3 and S, are unique solutions of S,(B) =0 and S,(B) = 0, respectively.
First, we present a lemma to bound the difference between S,(3) and S, (3) for 3 € B.

Lemma 7. Under Assumptions[1{{], we have

sup [|S.(8) — Sa(B)]], 0.
BeB

Proof. By the definitions of a@(f8) and «(f8), we have m;(a@(f),5) = 0 and
Efmy(a(8). £) x, o] = 0. Thus,

Z(yij _pij) - (plj(a(ﬂ)?ﬁ> _pij(a(ﬂ)aﬂ)) = Oa L= 17 2
J#i

By an integral type mean-value theorem, we have

a(s) — a(B) = = (I (a(B), a(B)] mi (e, o),

and recall that Jo (e, B) := Oma(a,B)

> D wy(@(B), B) = piy(a(B), B)) wiy =ma(e(B), ) — ma(&(B), )

i=1 j>i

Straightforward algebra then shows

5u(8) - 5, ()Zz%zmmjmmmmmmm

=1 j>1

()4§32%apw% () T34 (G(8), ()35, (G(8), a(8)) ' (xo, o)

=1 j>1
—1 n

(5) St e (3) @) T, ) )

i=1 7>1

-+(Z)_J&«ﬂﬁ%a«%)D*«ﬂﬁxau%>—Ja&wﬁxaunrﬂxnmamﬁw

= R1 +R2+R3,
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where T°(a(f),a(B)) = [diag(JS (a(B),a(B)))] " is the analytic approximation for
32,(&(8), a(8)) by Lemma ]

For Ry, by Lemma 4| and the fact that x;; is bounded, it is of order Op(\/w ).
For R, notice that T°(a(8), a(8)) is diagonal with [T°(a(8), a(5))],; = O(n™') and each
element in J9, (a(B), a(B)) is of order O(n) uniformly. Thus, by Lemma [3| we have

_ logn logn
HR2|’oo:Op<n2'n'n‘\/ n >:OP< n )

Finally for R3, we use Lemma [l to bound it as

IRl = (5) o 195G A
T (E(9). () — I3 E(5). () e - et )

/1 1
:Op<n_2-n2-n-n_2-n- Ogn):Op< ogn>.
n n

Further notice that these bounds hold uniformly in 3, we have completed the proof. []

Proof of Theorem [2. By the definitions of § and §y, we have S,() = 0 and S,(8y) = 0,

combine this fact with Lemma [7], we have
|58, = [|5n(3) - 5a(3)

By Assumption, fix § > 0, there exists an € > 0 such that ||5 — (||, > ¢ implies HSH(B)HQ >

€, hence

_<swp[Su(8) = Su(8)], % 0. (63)
BeB

pe (|5 - ], 2 8) < e (5.5

) > e) < Pr (sup ||§n(5)H2 > 6) — 0

BeB
by .
We turn to the proof of the uniform consistency of a. By the integral type mean-value

theorem, we have

a -y = — [J11<a,a0)]_1 ml(a073)

— — [T71(@&, )] (g, o) — [351(&, o))" (s (o, B) = my (@, Bp))  (64)
Following the proof of Lemma, we have ||[J, (e, ao)rl”oo = O (n ') and |[|my (e, Bo) |, =
O, (v/nlogn), hence [|[J5, (e, ap)] ml(ag,ﬁo)Hoo % 0. Thus, we only need to show that
O(n™1) - [|my (o, 3) — my(cxo, Bo)l|oc > 0. Notice that

~

Hml(a07 5) - ml(a07 BO)HOO
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=z |2 [pij(%m —Pij(ao’ﬁo)]‘
I

= 15 Z [fij(O‘OvB)Fji(QOaB) +Fij(a0>5)fji(a076)} Tij|| X WA_BOHQ
I 2

= 0(n) x 0p(1) = 0, (n),

where we use a Taylor expansion of p;;(c, 3) around S, (3 is the mean value which may vary
with 7) and the fact that f;; and F;; are bounded by Assumption . The proof is completed.
m

B.3 Proof of Theorem [3

Before we prove Theorem [3| we characterize the limit of the concentrated Jacobian ma-

trices. By Lemmal[I]

N7'1,(8) = N7 [Jna(@(B), B) — le( (8), B)Iu(a(B), B)" Ta(a(B), B)]
zN*Jzz( (8), B) = N~ I (a(pB), B)T(a(f), 6)J12(ax(PB), )
- Nt J21( (5) )(Jn(a(ﬂ) ) ( (5) >)J12<a<5) 5)2017(1)-

Since 3 5 By and ||& — ayl|se = 0,(1) by Theorem , we have

N7Y,.(8) 5 Jo :=plim,,_, . N"1J,.(5) (65)

for any /3 lies between B and [By. The existence of Jy is guaranteed by the identification
Assumption 3]

Now, we turn to the proof of asymptotic normality of our moment estimators.

Proof of Theorem [3l. By a first-order Taylor expansion of mn(B) = mg(&(ﬁ), B) around

5o, we have

— ~

My, (8) — ma(Bo) = Ju(B)(B — Bo).

where /3 is a mean-value between 3 and y. By mn(B) = 0, we obtain

VN~ By) = — [N—IJH(B)]—I%Nmz(a(ﬁo» 5o)

= Jo {\/— Z Z Yij — ng ) 60)] xij} + 0P<1) (66>

=1 7>t

in view of . Thus, Note that we cannot directly apply standard central limit theorem
(CLT) to the term in the curly bracket of because of the existence of a(f5y). By a
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third-order Taylor expansion for @(fy) around the true value a, we have

\/_ZZ s — g @(B0). o) i

=1 j>1

1
= \/Nm2(a0 . Bo) + \/NJ21<a07ﬁ0)[ a(fo) — e

1 n 8 1] )
5 {—\/——Z (Bo) — ko ZZ gakglfo n(Bo) — ao]xz‘j}

=1 7>t

n

1 1 L 0 ii \Xn s
6 {—\/—_Z au(Bo) — aol[Gu(Bo) — o ZZ 85,68:60?3 n(Bo) — anO]Iij}

= () + () + (I11) + (IV).
(67)

Let’s handle the last term (/V) first. Since p;;(e, §) only contains «; and «;, the last
term (V') equals to

1 O%pii (@ 50) . PPpij(e, Bo)]
jf)oﬁ + (5 - ajO)S J@a;’

~ ~ agpz(d7 BO)
(v Z > +3 ((az‘ — ai)*(G; — ajO)W) Tij-

=1 7>t 83 (_ B )
~ Di; (&, Do
+3 (( - Oézo)( aJO) 8;28041 >

By Lemma , sup; |@;(Bo) — ain| = O,(y/(logn)/n). Notice that Wxﬁ is bounded

under Assumptions [2] and [3] Thus, we have

For (III), we substitute the asymptotic linear approximation of v/n[a(8y) — ap] into

it. After some lengthy algebra, its kth entry, which involves many terms of third order

derivatives, equals to

1
o [Jl‘lan ()" Rk] +0,(1),

where elements of Ry, for k =1,..., K are
a Dij (a07 /BO) . .
(Ra)y; a]aTU,k,1<l75j<n, o
68
Z 321%“(010, 5o) .
(Rk>u = o —g2ai Tijk, = 1, N (B
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Recall the definition of By in (13), we find that (I11) = —By + 0,(1).
We directly substitute the rest of terms, (I) and (I7), into and obtain,

VN(B — By) — J5' By

1 1 1 -
_ 5 {ﬁm2<ao, o) + (e, )G ) - ao]} o(1)

=—J" {\/%ﬂh(aoaﬁo) - \/LNleJﬁlml(aoaﬁo)} + op(1).

We check the Lindeberg condition to apply CLT to the first two terms of the last equation.
Define

1 & 1 " 1
— E E &iji=—Jg — { E E (Yij — Dij)Tij — —~J2131_11m1(040»50)}
N =1 j>1 N =1 7>t N

ol (69)
- ngﬁ Z Z(yij — Dij)Tij,

=1 7>t

where Z;; absorbs x;; and coefficient of y;; — p;; from the contribution of Jo;J fllml(ao, Bo)-
Hence is a weighted sum of y;; — p;; by the definitions of each component of
JoJiimi (g, By) at the beginning of Section . By Assumptions [2| and we have
|Zijlloc < o00. For y;; — pij, they are independent across dyads (4,7), 1 < i < j < n
conditional on (x, &) and are bounded by [—1, 1]. Thus, the Lindeberg condition is satisfied.

Further notice that the variance of my(a, 3o) — J21J ;1 my(ayg, Bo) is
Voo + o135 Vi (35 T35 = I I3 Vi — (Jo1d3' Vi)
By the Lindeberg-Feller CLT, we have
VN(B = Bo) = J5"Bo 5 N(0,9),

where €2 is defined in . O

B.4 Proof of Asymptotic Distribution of JMM SJ Estimator

Corollary 1. If Assumptions[IH{ hold, then
VN (Bss = Bo) < N(0,2). (70)

Proof of Corollary [T]. Using the asymptotic representation for 3 provided in the proof of
Theorem [3], we have

B - Bo

_Jo By | tigietadug»i §0(%0 0)+0p( ) (71)

VN N VN
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where ¢;;’s are independent random variables with Z(i,j)eZnXIn;j>i &j(ao,ﬁo)/\/N a4
N(0,€). Without loss of generality, suppose n is even and 7y, = {1,...,n/2}, I, =
{n/2+1,...,n}. Then, for B, and f3,, we have

B — B = JalBO + Z(l}j)EILn><I1,n;j>i fij(aO;BO) To L and
VAT N/4 AN (72)
By — By = Jo' By n Z(i,j)612,nxzz,7z;j>i &ij (e, Bo) ‘o (L)
N/4 N/4 "\VN/’

where each summation has N/4 independent random variables. Combining and ,

we have

B - Bo Jo' B Q Q%
VN | B =5 | = 2058y | SN [0, | 40 0
Bz — Bo 2J5' By Qo 0 49

Hence

VN (Bss — Bo) = 2VN(B — o) — %\/N(Bl - Bo) — %\/N(Bz — o) =t N (0,2€),

because the linear transformation of jointly normal vectors keeps normality. This completes
the proof. [

B.5 Proof of Theorem 4

First, we characterize the partial derivatives of s,(a;, 3) with respect to a and 5. We
rewrite s, (o, 3) as

n

sn(a, B) = sa(ev, B) — Z siu(a, Blwi(e, B), (73)

i=1

where w;(a, 8) is the ith column of Ij5(cx, ) "I1; (e, 3) L. Taking derivatives, we have

n

Varsnla, ) = Hp(a,B) —In(a, B) 'Ti(a, 8) ' Hyi (o, 8) — Z s1i(ax, 5)%7
i=1
and
T —1 . ow;(a, B)
VﬁTSn(Oéaﬁ) = sz(aaﬁ) - 112(04,5) 111(01,5) le(a,ﬁ) - Zsli(aaﬁ)W'

We prove the following lemma.

Lemma 8. Under Assumptions @ for any B such that |5 — Bolla = Op(N~Y2), we have

1

= Varsn(@(f), o) [G(A0) — ] B o, (74)
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and

1 1 _. -.0a(B)

¥V n(8(8).B) + Varsu(@(8). B) s

Ihb 20 75

where B lies in the segment between B and Bo; by is a K x 1 vector of bias terms with its kth

element equal to byy = lim,, \/LN Tr{J 1 Cov(my, ) Wy].
Proof. By the definitions of Hjs(ax, §) and I 2(e, §), we have

Zj;él[ylj - plj(ohﬁ)]zlj(a?ﬁ)mfj
Hy (o, ) + Lo, B) = : )
Zj;én [ynj — Pnj (aa ﬁ)]zn] (a? /8)':1::1:]

(1) 2 2

PO By (1—pi)— £2 (1=2pi )+ F2 fi £ ,

u Fu Z’;Q(lj_(p__);]) ==~ and we omit the dependence of z; on a,f for
ij ij

simplicity. Clearly, N=2 ||Hy2(c, o) + Lia(e, 50) ||,pax = 0p(1) by Lemma . Hence, by

continuous mapping theorem (CMT) and the fact that ||a(5y) — a|le = 0p(1), we have

where z;; =

max

1 ~ ~
ﬁ Hng(a(ﬁo)>ﬁo) + 112(a<50)7 60)Hmax
1
< \/——|
\/—l
= 0,(1).

Similarly, we can obtain

[Hiz(a(50), fo) — Hia(cxo, )| [Lia(e(Bo), Bo) — Liz(@o, Bo) | max

1
+ J—
max /N |
|H12(a07 60) + :[12(a07 BO)Hmax

\/_HIm a(fo), £o) "Lia(@(Bo), Bo) " Hur(@(Bo), o) + Tu(@(Bo); Bo)]| e = 00(1)-

Comblmng these two bounds, we have

|H12 0), 00) " = Tia(@(So), Bo) ' Tun(@(B), Bo) ™ Hur (a(5o), Bo)||
(a(Bo), Bo) + Tiz(ax(Bo), 60)T||

IN
E

max (76)
(@(B0), Bo) " Tua(@(Bo), Bo) ™" Hu(@(Bo); Bo) + L (&(Bo), Bo)l .o

= op(l).

By Lemma , we have ||a(fy) — ag + I my (e, Bo)|| . = 0p(n~'/?), which implies that for

any deterministic vector ||c|l, =1

VieT (@(8) — o) = O, (L). (77)
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Combining and yields

1 . T . . yr (A PN _
W[Hm(a(ﬁo)a Bo)" — Liz(@(Bo), Bo) i (e(Bo), Bo) ™ Hir(a(Bo), Bo)l(@(Bo) — exo) = 0p(1).

(78)
Next, similar to the process of finding the bias term in the proof of Theorem [3 we have:

1 — ~ awkz(a<60) 50) ~
- \/_N ; Sli(a(ﬁo), ﬁo) ox (a(ﬂo) — 040)
LN iy Q@) 0 L
_\/—N;sli(a(ﬁo),ﬁo) 9o Ji(a(fo), c)” my(exo, 5o)
:%Nsl(awo),50>ka<a<ﬁo>,5o>Ju< &), exo) " (o, o)
1

— \/_NSIWle_llml + Op(l)

where [Wy(a, §)]i; = M%%ff"ﬁ) and the last equality holds because ||@(8y) — aollec = 0p(1)
and by CMT.

Recall the definition of by in , where the entries of the n x n covariance matrix

f]k ]k_p]k

fjiVar(yij) L
=———"< = f;;F;, 1<i#j<n, (79)
F(1—py) Y

fzk Yik — Pik
(; Yir — Dik) > (Z (L= D) )]

fzkvar yzk
Z 1—pzk ZfszkZ, 1 <z<n

Cov(my, s;) can be specified as

[COV(I’Hl, Sl)]ij =Kk

[Cov(my,s;)];; =E

We show that by = O(1) for all k. Notice that [Cov(my,s1)];; < 1 and [Cov(my,sy)]; < n
uniformly by . By Assumption , (Wi(e,8)];; = O(n™') and [Wi(ex, 8)]u = O(1)
uniformly. By [1} J;}' can be approximated by the diagonal matrix T = [diag(J1;)]™! with
1T — Tlmax = O(n=2). Thus, we have uniformly for all 4,

[Jl_llcOV(mh Sl)Wk]ii

1 1
[TCov(ml, s1)Wili + \/_N[(JH — T)Cov(my, s;) Wyl
= ) [Cov(my, s1) Wyl + O(n™' - n2) - [1,,1] Cov(my, s;)Wy]i

993 -3~

) 0(n)+0(n™%) - O(n*) = O(n™").
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Taking the trace on both sides, we have
1
VN

Because by is the limit of \/LNTr[Jl_llCov(ml, s1)Wy], it is also O(1). Next, we have

Tr[J ;' Cov(my,s;)W,] = O(n™!) - n = O(1).

1 1
— ——s, WiJ'm; = —Tr(J;'mis] W)

VN VN
1 1 1 _
= \/—NTr[JﬁlCov(ml, s1) W] + {—NTr(JnlmlslTWk) — \/—NTr[JHlCov(ml, sl)Wk]}
(80)
- Rl + RQ.
Notice that R; — by by definition. By the law of large numbers for U-statistics, R 50
under Assumption . By and , we have

1 Y ~
ﬁvawn(a(ﬂo), Bo)(@(Bo) — )
:L[le(a(ﬁo% B0) " = Tua(@&(Bo), Bo) ' Tua(&(Bo), o)~ Hur (&(o), Bo)l(@(fo) — o)

VN
B %N D su(@(o), B@aw"(‘;f?)’ P @ () — o) 2 o,

which proves ([74)).
We now turn to prove . Similarly to the characterization of the probability limit of
N-1,(&, fsy), we have

% [Haz (o, B) — 112((1,5)T111(075)_1H12(a;5)} = O,(1).
Then, by the law of large numbers,
- [H(@(5), ) ~ 1a(@(5), 7) "Lu(@(5), 5) " Hua(@(5), 5] % o

By with 3 replaced by o, we have ||G(8y) — allco = O,(y/(logn)/n). Combine this

with Lemma M] and we have

> sl py 2 D)

%im(aﬁ)‘ e I

N =1 aﬁ—r ) B =1
Hence,
1 U
NVBTSn(a(ﬁ),B) + 1o = 0,(1). (81)
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Finally, by and the parallel steps to the proof of . we have
1 . s0a(p 1 PR Jp— PR
Ve n@(5), )20 = LV @35 (G(B). ) Ta(@(5).
Combining and completes the proof of .

= 0,(1). (82)

With a direct application of this lemma, we prove the asymptotic normality of Bos
Proof of Theorem 4. First, by the definition of BOS, we have
Bos = B+ 1n(@, ) 'su(a, B)
with the joint moment estimator a := a(B) Similarly to the proof of Theoreml by

first-order Taylor expansion of s, (& 3

,B) around S, followed by a first-order Taylor expansion
of s,(&(Bo), Bo) around ey as well as the fact that N—1,(&, 8) = Iy, we have

VN (Bos — Bo)
1 .
\/_NIO sn(@(fo), Bo)

1 Jp—— ~ 7 3,288 3
1t {NvﬁTsn<a<ﬁ>,ﬁ> + - Varsa(@(A). B) 85@ +Io] VN(B = Bo) +0,(1) (g3
N \/LNIolsran?BO) + \/_:lﬁlolvaTSn<d7 ﬂo)(a(ﬁo) o aO)
1t {%vwm(m, B)+ 3 Vars@(d).5) oy + Io} V(B = o) + 0,(1).
By of Lemma , we have \/Lﬁvawn(@,ﬂo)(aw& — ag) 5 by. By of Lemma

U = =0
%Vﬁnsn(a(ﬁ),ﬁ) + %Varsn(a(ﬂ) B) aaﬁ(f) + 1o = 0,(1).

Hence, using the result that v N (B — bo)

= 0,(1) by Theorem , we simplify as
VN (Bos — fio) =

\/% (e, o) +T5 Mbo + 0p(1)

I_ ZZS” aOaﬁO +I b0+0p( ) (84)
=1 j>1
where s;;(a, Bp) is dyad (7, j)’s contribution to the asymptotic representation. Then, by the

Lindeberg-Feller CLT, as in the proof of Lemma 3] we have the stated asymptotic normality.
O
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B.6 Proof of Theorem [5

Proof. By , we have,

R 1
VN(Bos — Bo) =I5 by + \/—ngl Z sij (o, fo) + R(y, %, a),
(4,7)ELn X In;5>1

where R(y, X, o) is the residual term which has been shown to be 0,(1) in the proof of

Lemma [§ Thus, the one-step estimators based on sub-networks can be written as

N _ 1 _
VNJABSL — Bo) = Ty by + ml& > silon o) + Ry, x, o),
(i])GI(t) ><I(t) i>1

1

VN/4
(t) t)

where ay; is the sub-vector of fixed effects indexed by Iin

V N/4(/6A’8%72 — Bo) =T 'bo + I Z sij(c, fo) + R(yY, %Y, agé)

(i.§)€TS ) xT) j>i

and the other notations are
defined similarly. Hence, we have

. 2
VNG =) = =l 3 splanBo) +RYyxa0),  (8)
(i,§)eTy") xT3")

with RO (y,x, ap) = 2R(y,x, ap) — [R(y§),xg),a01)+72(y2 ,xg),am) /2, which is
also 0,(1). Notice that R (y,x, o) is a continuous and bounded function of its argu-
ments, which means that max;<;<7, "R(t)(y,x, ao)H2 < R*(y,x, ) for some function
R*(y, %, @9) = 0,(1). Hence, we have ||T;137" R® , < R* = 0,(1). Then, taking
average of over all 1 <t < T, yields

7,
~ 1 n
VN (Br, — Bo) = \/— I T Z > sijlon, Bo) + TZR(U(}CX, o)
"=l )g(t) <7{!) " ot=1
Ilzz n/lew (oo, Bo) + 0p(1)
=1 j#i n/2
1
SN 730 sl ) +ol1) S AT,

=1 j>1

where the second equality holds because for each (i, j),7 # j, there are ( o 1) different splits
among them. This proves the first result.

Conditional F,, random draws v N B(()t%—s 5, t=1,...,T) are independent and uniformly
distributed over {\/_ BOS o5 122, which is a finite set for any fixed n. Hence, the law of large

numbers implies that v N(fsg — f1,) = 0,(1) as T/ — oo, where the randomness comes
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from the independent draws. This proves the second result. Combing it with the first result

gives
VN (e — Bo) = VN(fsc — Br.) + VN (fr, — Bo) 2 N(0,151)

as T — oo and n — oo. This completes the proof. [

B.7 Proofs of Results in Section (4
Proof of Theorem [6. We decompose § — &y as
b= =(6=A0) + (B =),

The second term is a U-statistics

—1 n
An — 0 = <Z) Z Z [Aij(Oéio, a0, 50) - EAij<04i07 a0, 50)]

i=1 j>i

with the kernel A;;(avo, ojo, Bo) — EA;j(cvo, oo, o). So, if
s = COV(Aij(azO; a0, 50)7 Az’k(az‘o, ko, 50))
exists, by Theorem 12.3 of [Van der Vaart| (2000), we have
V(A = 6o) 5 N(0,45s). (36)

Next, for the first term, notice that & = & () and we can decompose it as

2
S
P
0
2
.
(]
s
>

’L(B)? dj(B)a B) — Ay, Oéjo,ﬁo)}
- 7 ZZ [ 2631, 5(8). ) — Ay ol o). (). )]

ZZ ij Oézo 50 0430(50) 50) zg(ai07aj0760)]

z1]>z

= U1 + UQ,

where U; captures the variation from B , and U, captures the variation from a(f).
Let us define

oA, L[ T e, 05,)
ZJ .
7 . NZZ l?aj76)7 Aa(aaﬂ) _N :

OQn;
=1 j>i Z itn Do I2nj (an’ amﬂ)

(87)
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For Uy, a first-order Taylor’s expansion around [, yields

{ZZM” 5).9 +Zza?;j 5(5), 5)65T(5)}(5—B0)

i=1 j>1 =1 j#i

= {As(a(B), )" — Aal@(B), ) Juu(@(B), B) "' Jua(@(B), B)} VN(B — Bo)
)

= (A} = ALIHT1)VN(B = Bo) + 0,(1 (88)

where 3 lies in the segment between B and By; the last equality uses the fact that 3 5 8,
and ||a(B) — 0¢0||oo 0.

For Us, a third-order Taylor expansion yields

— VNAL(@(f) — )
0? A” a, Bo)
{\/_Z (o) = Ao ZZ day,0a™ o (BO>_QO]}

=1 j>1

{\/— Z Z k(Bo) — auol[cu(Bo) — cuo Z Z aaaAkgal@aT [a(By) — anO]} :

k=1 i1=1 i=1 j>i

(89)

Similarly to the proof of Theorem , we can show that the second term of converges in
probability to a bias term B, defined by (36| and

8 Aijr(a, Bo)

I 1 . .
(R dndas <i#j<n, w0
90
2N, w(ao, Bo) .
R, =D g;(af )izt

i
The last term of is 0,(1) (equivalent to the limit of part (IV) of (67)). Additionally,

from the proofs of Theorems [2] and [3| we have

\/N(B - 60) - JalBO = —Jal { mg(ao, 60) — 1 ngJl_llml(ao, 60)} + Op(l) (91)

1
VN VN

and

||&(ﬁ0) — Qg + Jﬁlml(ao, 60)“00 = op(nfl/Q). (92)

Substituting and into and respectively, we have
1

VN —A,) = B — By = — (A) — ALIT T12) T3 TN

{\/Lﬁmg(ao, 50) — J21J1_11m1 (a07 60)}
— VNAL LI my (o, By) + 0,(1)

1
T \/_N(AE — AL J71 J12)Jg ' ma(exo, o)
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1
* VN (A = ALTE T0)I5 o — NAL] I my (g, Bo) + 0, (1)
where Bpg is defined by in the main text.

Finally, by the Lindeberg-Feller CLT, we have
VN(6 — A,) — Bs — By 5 N(0,%4) (93)
with

1 _ _ _
EA = lim N{(Ag — AZJHlJlQ)JO 1V22 [(Ag — AZJ%lJIQ)JO I}T

n—o0

+ (A = ALT310) 05 0y = NALT IV {[(A) = AT 310)05 30 — NAL] I

— [(Af = AT T0)J5 0 — NAL 37 Vs [(A] — ALT30)35" ]
.
. {[(Ag — AL I = NAL IV, [(A] - AlJ;me)ngf} } (94)

Combining and , and notice that 6 — A, is uncorrelated with A, — &, asymptotically,

we have
) s 6—6 L p L p 4 N(0, Ig)
N n 0 \/N B \/N (e} y LK ).

The proof of asymptotic normality of 3]3(; is similar to the proof of Theorem (1| and

Theorem [5 since we have proved the asymptotic normality of the plug-in estimator 5. So,

we omit it here. [

Proof of Theorem [7l. Most of steps are basically same with what we have done in the
proofs of Theorems and Corollary , the difference is that we need to replace (o, 5o)

with (e, B,.). For conciseness, we omit these repetitive steps. [

Proof of Theorem [8l Similarly, most of steps are same with the proofs of Theorem [4] and
Theorem [5] we just need to replace (o, fy) with (e, Bn.). We also omit these repetitive
steps. [

C Additional simulation results

In Tables [10H12] we present the simulation results of 5y and APEs for smaller networks
with n = 50. The main conclusions drawn in Section [5.1H5.3] remain roughly unchanged,

although the smaller sample size does increase the standard deviations of the estimates as

5



Table 10: Estimation Results of f

n = 50, density=25% JMM O3 BG
B Ba b 65} b o
Mean Bias 0.0599 -0.0713 0.0570 -0.0724 -0.0104 -0.0027
Median Bias 0.0568 -0.0670 0.0534 -0.0712 -0.0137 -0.0003
Standard Deviation 0.1262 0.2632 0.1258 0.2650 0.1185  0.2527
Mean Standard Error  0.1180 0.2720 0.1183 0.2712 0.1183 0.2712
Mean Absolute Bias 0.1116 0.2158 0.1100 0.2178 0.0960  0.1999
Median Absolute Bias 0.0946 0.1818 0.0914 0.1811 0.0842 0.1722
RMSE 0.1397 0.2727 0.1381 0.2748 0.1189  0.2527
90% Coverage Rate 83.3 90.1 83.4 90.5 90.5 92.9
95% Coverage Rate 90.1 94.9 90.6 94.3 95.2 96.4
n = 50, density=8.5% JMM O3 BG
B 5o B o b o

Mean Bias 0.0940 -0.1948 0.1131 -0.1279 -0.0116 -0.0013
Median Bias 0.0915 -0.2097 0.1145 -0.1396 -0.0110 -0.0116
Standard Deviation 0.1651 0.4027 0.1641 0.4140 0.1475 0.3716
Mean Standard Error  0.1576 0.3833 0.1587 0.3842  0.1587  0.3842
Mean Absolute Bias 0.1528 0.3567 0.1614 0.3434 0.1186  0.2913
Median Absolute Bias 0.1324 0.2990 0.1439 0.2772 0.0985 0.2423
RMSE 0.1900 0.4473 0.1993 0.4333 0.1480 0.3716
90% Coverage Rate 83.2 85.9 80.8 86.4 91.5 92.1
95% Coverage Rate 89.5 91.5 89.4 92.8 96.5 95.8

plication

very small sample size of n = 50.

conditions from the extended model.

76

Consider two independent subgraph formation processes.

D.1 Combining triangle and fitting empirical networks

expected. Overall, we find the performance of our BG estimators to be satisfactory under a

D Additional Details of India Microfinance Network Ap-

In this section, we show how to extend our baseline model to capture the formation of
triangles in a graph explicitly, using a method similar to what Chandrasekhar and Jackson

(2023) propose. Then, we provide a minimum distance estimator based on the moment

The first one is our basic



Table 11: Estimation Results of 5y under Misspecification

n = 50, density=25% JMM 05 BG

b Do 5 Ba A Ba
Mean Bias 0.1388 -0.1288 0.1470 -0.1264 -0.0056 0.0268
Median Bias 0.1401 -0.1291 0.1453 -0.1204 -0.0038 0.0361

Standard Deviation 0.1365 0.2927 0.1388 0.3239 0.1399 0.3033
Mean Standard Error 0.1273 0.2766 0.1377 0.3067 0.1377 0.3067
Mean Absolute Bias 0.1611 0.2541 0.1668 0.2601 0.1048 0.2240
Median Absolute Bias 0.1470 0.2105 0.1494 0.2138 0.0909 0.1819
RMSE 0.1946 0.3198 0.2022 0.3476 0.1400 0.3045
90% Coverage Rate 68.8 84.9 71.5 87.1 92.4 92.1

95% Coverage Rate 79.2 90.6 82.4 93.0 96.7 96.2

Table 12: Estimation Results of APE

n = 50, density=25% Plug-in Bagging
Xijn Xijo Xija Xijo

Mean Bias -0.0063 0.0046 -0.0023 -0.0048

Median Bias -0.0047 0.0065 -0.0019 -0.0043

Standard Deviation 0.0295 0.0578 0.0304 0.0600
Mean Standard Error  0.0296 0.0576 0.0296 0.0576
Mean Absolute Bias 0.0240 0.0457 0.0243 0.0471
Median Absolute Bias 0.0197 0.0371 0.0209 0.0382

RMSE 0.0302 0.0580 0.0305 0.0602
90% Coverage Rate 89.9 90.1 89.7 88.9
95% Coverage Rate 94.3 94.9 94.3 93.5
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link-based model with individual heterogeneity to generate {Y;;}i<i<j<n. The second
process—independent of the first one—is the formation of triangles {T};x}1<i<j<k<n, Where

Tijr = 1 if the links between nodes 4, 7, k are all connected and 7, = 0 otherwise. Suppose
Tk A Bernoulli(1 — ), 1<i<j<k<mn,

where Ao — 1 (hence 1 — X\, — 0) as n — oo, which holds true in general for most
networks as argued by (Chandrasekhar and Jackson| (2023)). The observed network, denoted
by {Y;?"}1<icj<n, is then generated by

VP =1(Yy; =1 or Ty, = 1 for some k # 4, 7). (95)

In the extended model , there are a total of n4+ K 4+ 1 unknown parameters, consisting of
the heterogeneity vector ay, common parameter 3y, and triangle formation parameter .

The observed links in model are dependent across dyads because of the existence
of triangle formation. Due to the dependence among the links, it is generally impossible to
write the joint likelihood function of the observed network directly. Therefore, we propose
a minimum distance estimator based on certain moment conditions (Menzel (2016) and
Chandrasekhar and Jackson| (2023)). The idea is to first solve for @ as a function of 5 and
A. Then, we estimate § and A jointly by minimizing the weighted average of the Euclidean
distance between the observed number of triangles and its expectation and the norm of the
sample analogue of the moment conditions for f3.

Specifically, for each i, the expectation of degree d?® := " ki y,?}’ is

(n—1D)TE[d"X=x]=1- (1 - ﬁ Zpij(ag,ﬁo)> A2 (96)
J#

Similar to we show in Section the corresponding moment conditions induce a SGD
algorithm for solving a(\,, 8) as a function of (\,, f), i.e., we may modify to be

1
) — —(n—2) __1\—14ob - § -
Tz(aa)‘nﬂﬁ)_al+)\n ((TL 1) dz 1)+1 n_l ‘ 4p1](a’6)a

and iterate it until convergence.

Next, the expectation of the average number of triangles in the observed network is

hn(a07 >\n07 BD)

-1

R n obyobyob _
= (3) E E VPYRYr| X =x

1<i<j<k<n
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=1- (1 — (g)_ Z Pij(amﬁo)pjk(aoy50)1’1%(040,50)) Ano [1 - (1 - )‘20_3)3] :

1<i<j<k<n

Finally, the moment condition for the common parameter [ is

2(, o) = Z Z ?JU (1 = (1 = pij(o, Bo)) Ay ]xw‘

=1 j>1

With a(A,, 3), we estimate (;\n, B) by a minimum distance estimator:

(An, B) == arg min  wr

An€(0,1),8 +||m2<a<)\n7ﬁ)wﬁ)”17

-1
n § ob_ ob_ o -~
<3) yngyjlkg)yk? hn (a()\na 5)7 )\Tw B)

1<i<j<k<n

where wy is the weight of moment condition for triangle count. In the empirical application,

we set it to be 10. Moreover, to improve computational efficiency, we set A/, = A"~ and use
Al = (1= A72)% m NL(3 = 3A, + A)2)

because A, is close to 1 in theory. In the implementation of this algorithm, we estimate )\A;l
first and then let A, = (X,)("=2) The resulting estimator is (&, A, 5) := (@A, 5), An, B),
which is used to simulate the networks for the India microfinance network application. Fi-
nally, we compute the characteristics of the simulated networks and summarize the results
in column “Extended” of Table [9
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