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Abstract

We analyse the consequences of portfolio compression on systemic risk. Portfolio com-
pression is a post-trading netting mechanism that reduces gross positions while keeping net
positions unchanged and it is part of the financial legislation in the US (Dodd-Frank Act)
and in Europe (European Market Infrastructure Regulation). We derive necessary struc-
tural conditions for portfolio compression to be harmful and discuss policy implications. In
particular, we show that the potential danger of portfolio compression comes from defaults
of firms that conduct portfolio compression. If no defaults occur among those firms that
engage in compression, then portfolio compression always reduces systemic risk.
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1 Introduction

Portfolio compression is a mechanism in which multiple offsetting contracts are replaced by
fewer contracts to reduce the gross exposure of each institution while keeping its net exposure
unchanged. Reducing gross exposure is beneficial for a wide range of reasons including com-
plying with regulatory requirements such as the minimum leverage ratio introduced under the
Basel III regulation and margin requirements (Duffie, |2017). The new contracts that replace
the old contracts, however, lead to a new network structure of exposures between the market
participants. It is not clear, a priori, what the consequences for systemic risk are - this is what
we analyse here.

The main contribution of this paper is to derive general theoretical results on the conse-
quences of portfolio compression on systemic risk. To the best of our knowledge these con-
siderations have been absent from the literature so far. The Furopean Securities and Markets
Authority (ESMA) has published a consultation paper in 2020, see [European Securities and
Market Authority (2020), on post trade risk reduction services (PTRR) of which portfolio com-
pression is an important example. They ask: “Would you agree with the description of the
benefits (i.e. reduced risks) derived from PTRR services? Are there any missing? Could PTRR
services instead increase any of those risks? Are there any other risks you see involved in using
PTRR services?” Hence, there remains uncertainty about the risks of post trade risk reduction
services such as portfolio compression.

In this paper we derive structural conditions for portfolio compression to be harmful or to
reduce systemic risk in a sense that we will formally define in Definition Theorem
contains the main results. It establishes a relationship between defaults and payment abilities
of those nodes conducting compression and systemic risk in the system. One conclusion is that
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as long as only nodes that are not at risk of defaulting (in the non-compressed) system conduct
portfolio compression, portfolio compression will always reduce systemic risk. We will derive
and discuss more fine-tuned results. We will also show both theoretically and in numerical case
studies that there are situations under which portfolio compression can indeed be harmful.

We will proceed as follows. In Section [2] we introduce the theoretical model for the financial
market and formally define what we refer to as portfolio compression (Definition and Defi-
nition building on |D’Errico & Roukny| (2019). We only consider portfolio compression that
(potentially repeatedly) removes one cycle from a network and also consider an optimisation
framework for portfolio compression in this context. In Section [3| we explain how we measure
systemic risk. We use the framework by [Veraart| (2020) which generalises the approaches by
Eisenberg & Noe (2001) and Rogers & Veraart| (2013)). We assess how different types of pay-
ments obligations associated with derivative positions arise and might lead to loss cascades if a
node fails to satisfy their payment obligations. Our analysis includes variation margins become
due building on the models by Paddrik et al. (2020) and Ghamami et al.| (2020). Section
contains all results on the consequences of portfolio compression on systemic risk. Theorem
is the main result, providing structural conditions that are necessary for portfolio compres-
sion to be harmful. We discuss these conditions in detail, derive some additional results that
contribute to our understanding of the consequences of portfolio compression and use them
to discuss policy implications. In Subsection we illustrate the results using some example
networks. Section [l concludes.

1.1 Policy framework and related literature

Understanding the consequences of portfolio compression on systemic risk is of fundamental
importance since it is used both in Europe under the European Market Infrastructure Regulation
on derivatives, central counterparties and trade repositories (EMIR), and in the US under the
Dodd-Frank Wall Street Reform and Consumer Protection Act (Dodd-Frank Act). Under EMIR
portfolio compression is one of the risk mitigation mechanisms for non-centrally cleared OTC
derivative contracts (European Union, [2012). In the US portfolio compression is used as a risk
management tool in the swap market (Commodities Futures Trading Commission, 2012)).

Portfolio compression plays an important role in today’s financial markets. It is performed by
private providers - a well-known one is the company TriOptima. It states that “OTC derivative
market participants have eliminated more than $973 trillion in notional principal through April
20177, TriOptimal (2017). Portfolio compression is currently available for “cleared and uncleared
interest rate swaps in 28 currencies, cross currency swaps, credit default swaps, FX forwards,
and commodity swaps”, TriOptima, (2017)). Its compression service triReduce is currently used
by over 260 institutions worldwide.

Regulatory reforms such as the Basel III minimum leverage ratio provide strong incentives
for market participants to engage in compression activities, see e.g. |Duffie (2017). The Basel
IIT leverage ratio is defined as tier 1 capital divided by the total exposure. Since compression
reduces the exposure, compression increases the leverage ratio making it easier to satisfy the
lower bound, see also Haynes et al.| (2019)) for further discussions and Remark

The introduction of margin requirements (also for non-centrally cleared derivatives, see
BCBS I10SCO| (2015} 2020))) provides incentives for market participants to engage in portfolio
compression since lower total exposures are associated with both lower initial margin and also
lower variation margin requirements (Duffie, 2017)). Despite margin requirements risk of con-
tagion in derivative markets remains as demonstrated empirically in |Paddrik et al.| (2020) and
Bardoscia et al.| (2019).

The literature on regulatory reforms and their consequences on systemic risk in the deriva-
tives markets has mainly focussed on the role of central counterparties, see e.g. |Duffie & Zhu
(2011); (Cont & Kokholm/ (2014). |Amini et al.| (2016b) analysed different netting mechanisms
but not in the context of portfolio compression in centrally cleared markets.



The literature on portfolio compression is still in its infancy. In particular it mainly focuses
on the actual algorithms to perform the portfolio compression rather than the potential conse-
quences of portfolio compression. O’ Kane (2017) proposes and analyses different multilateral
netting algorithms. Among the algorithms studied an algorithm based on the Lj-norm is shown
to be particularly beneficial to eliminate a high fraction of bilateral connections and to retain
the greatest common divisor of existing positions.

D’Errico & Roukny| (2019) introduce different types of portfolio compression mechanisms to
show theoretically how the size of over-the-counter markets can be reduced without affect-
ing the net positions of the market participants. In addition they show empirically the large
potential for compression to reduce exposure size using a transaction-level dataset for Credit-
Default-Swaps (CDS) derivatives. They do not use any risk measures to study the effect of
compression on systemic risk.

Schuldenzucker et al.| (2018) provide one example that shows that portfolio compression can be
harmful for the system but do not provide any general results.

Duffie (2018) used ideas from portfolio compression in his new auction mechanism (compres-
sion auctions) that convert centrally cleared contracts on the London Interbank Offer Rate to
contracts on the Secured Overnight Financing Rate.

2 Portfolio compression

2.1 The network of liabilities

We consider a financial network consisting of N financial institutions with indices in N =
{1,2,..., N} representing the nodes. We denote by X;; the nominal liability of financial in-
stitution i to financial institution j and write X = (X;;) € [0,00)Y*¥ for the corresponding
liabilities matriz. Furthermore, we assume that X;; = 0 for all i« € N, i.e., nodes do not have
liabilities to themselves. The set of edges is given by & = {(i,7) € N? | X;; > 0}.

The liabilities can arise due to entering into derivative contracts such as Interest Rate Swaps
or Credit Default Swaps (CDS), see e.g. Schuldenzucker et al.| (2018]) D We assume that all
these positions are fungible. Our framework would also apply to other types of liabilities such
as interbank lending.

We assume that all contracts are established at time ¢ = 0 and have the same maturity date
t =T > 0. A generalisation to the situation with multiple maturities in the spirit of [Kusnetsov
& Veraart (2019)) would also be possible.

We denote by ¥ = Z;V:1 Xi; the total nominal liabilities of node ¢ and write LX) ¢

i
[0, 00)" for the vector of total liabilities arising within the network. Similarly, we write AEX) =

Z;V:l Xj; for the total assets of financial institution ¢ from within the network and write AX) ¢
[0,00)" for the vector of these total assets. Then we refer to AX) 4 LX) a5 gross positions in
the network and to n = AX) — LX) € RV as net positions in the network.

2.2 Defining portfolio compression

Portfolio compression is a mechanisms that nets trades between two or more counterparties
such that the net positions stay the same for all nodes but the gross positions decrease for
all market participants. We only consider a method of compression that would be referred to
as conservative portfolio compression in D’Errico & Roukny| (2019). Intuitively, conservative
compression is a mechanism that eliminates cycles in networks.

Note that in the context of CDS exposures, we exclude the situation in which nodes write CDSs on each
other as in [Schuldenzucker et al.| (2018). We refer to |Schuldenzucker et al.| (2020) for more details on clearing in
a network with CDSs if this situation is not excluded.



Figure [I] provides an example of a network consisting of four nodes in which three perform
multilateral portfolio compression by reducing their exposures along a cycle.

Figure 1: Example of compressing a cycle in a network: The cycle in red with solid lines is
replaced by the cycle in blue with dashed lines where u € (0,2].

Definition 2.1 (Portfolio compression). Consider a liabilities matriz X € [0,00)N*N with
corresponding nodes N' = {1,..., N} and edges € = {(i,7) € N? | X;; > 0}.

1. A cycle is a sequence of distinct vertices Cpoges = {i1,--.,in} € N with n < N with
(iy,ip+1) €E forallv e {1,...,n— 1} and (in,i1) € E. We denote the corresponding set
of edges by Ceqges = {(11,92), .- -, (in—1,n), (in, 1)} and write C = (Cpodes; Cedges) -

2. Let Cpodes be a cycle with Ceqges the corresponding set of edges such that

max

7 = min X;; > 0.
(i:j)ecedges !

We then refer to C = (Crnodess Cedgess #™**) as a conservative compression network cycle of
X with maximal capacity u™®*.

3. Let C = (Cnodes, Cedges: W) be a conservative compression network cycle of X with maz-
imal capacity ™. For any 0 < p < p™, we refer to the matriz X" with

X-Cf# _ Xij — p if (Z,]) € Cedgesa
& Xij otherwise,

as the p-compressed liabilities matrix (using cycle C). We refer to LEOCn - D ieN Xicj’“

(2
as the total p-compressed nominal obligations of node i (using cycle C).

Conservative compression network cycles may or may not exist for a given liability matrix.
Throughout this paper we assume that for any liabilities matrix that we analyse, there exists
at least one conservative compression network cycle.

We show in Lemma [B:I]in the Appendix that conservative compression does indeed reduce
gross positions while keeping net positions fixed. Portfolio compression reduces the size of the
balance sheet of a participating node. Its total assets are reduced by p and its total liabilities
are reduced by p. Its net worth remains the same.

Remark 2.2 (Compression tolerances). In practice firms provide so-called compression toler-
ances to the compression provider (D’Errico & Roukny, 2019). These are restrictions on the
changes that can be made to the original positions. Mathematically they can be characterised



by requiring that any new position chj“ that might replace the original position X;; needs to
satisfy

ai; < X" < by (1)

for some 0 < a;; < b;j, see (D’Errico & Roukny, 2019, Definition (Compression tolerance)). For
example, if a firm does not want to change a particular position it could set a;; = b;; = X;;. In
such a case we could just set the corresponding p™#* = 0.

Since we only consider conservative compression in this paper we will assume that b;; = X;;
for all 4,7 € N. This in particular implies that no new edges can be creates as part of a
compression exercise (since if X;; = 0 then under this assumption X;; = b;; = 0). It might be
the case that a node does not want to remove an edge completely but only wants to reduce the
weight of an edge, i.e., this would correspond to setting a;; > 0 as lower bound for the weight
of this particular edge. It is clear from the definition of p™?* that if one sets y = p™** in a
compression exercise then at least one edge (and possibly more) would be removed. To avoid
this, one could change the definition of ™ by setting pmax = N ) eCogges (Xij — @ij) > 0.

—_—~—

Obviously, pmax < p™a* " Since all our results will hold for all choices of p € (0, u™**] they in
particular hold for all u € (0, /jﬁf&] Therefore there is no need for us to explicitly add such
constraints in our analysis.

These compression tolerances are not considered to be functions of any other parameters of
the network and are restrictions on the individual positions. Neither |D’Errico & Roukny| (2019)
nor |0’ Kane| (2017)) indicate any global constraints when considering the actual compression
mechanism. We will come back to this when we discuss systemic risk in compressed networks.

2.3 Portfolio compression as an optimisation problem

Next we consider conservative portfolio compression as an optimisation problem as described
in D’Errico & Roukny| (2019). Its objective is to minimise the total gross exposures of all nodes
participating in the compression exercise while satisfying some constraints.

Definition 2.3 (Conservative compression optimisation problem). Let X € [0,00)Y*Y be a
liability matriz. We refer to the following optimisation problem as the conservative compression
optimisation problem. It is given by

N N ~
~Hlill ZZXZ‘J', (2)

Xl'j,i,je./\/’ .

i=1 j=1
subject to
N N
> (Xji— Xig) = (Xji— Xyj) VieN, (3)
j=1 j=1
0<X;; <Xy Vi,jeN. (4)

This is a linear programming problem and can be solved using standard methods. Since
X = X satisfies both constraints ( and ) a feasible solution to these constraints exists.
Furthermore, since the constraint set is bounded, it is clear that a solution exists.

Constraint says that the net exposures of the nodes are not allowed to change by com-
pression. Constraint ensures that the compression is indeed conservative. Since in the new
network the value of any edge is between 0 and its original value, this means that this type of
compression can only reduce liabilities along existing edges but cannot create new edges. As
pointed out in D’Errico & Roukny (2019)) the resulting network is therefore a subnetwork of the
original one.



One could replace the condition by a condition representing the compression tolerance
of the market participants by e.g. requiring that

Qij SXZJ < bij Vi,j € ./\/, for 0 < Qij < bij. (5)

Setting e.g., a;; = 0 and b;; = +oo would correspond to non-conservative compression, see
D’Errico & Roukny| (2019), which would in principle allow for the underlying network to be
rewired. Therefore new trading relationships could be established which is not possible under
conservative compression. As argued in|D’Errico & Roukny| (2019)), setting a;; = 0 and b;; = Xj;
for all 7,7 € N, is “arguably close to the way most compression cycles take place in derivatives
markets. We thank Per Sjoberg, founder and former CEO of TriOptima, for fruitful discussion
on these particular points”, (D’Errico & Roukny, 2019, p. 19). We will therefore focus on this
setting.

Remark 2.4 (Relationship of solution to optimisation problem and compressing one cycle).
As shown in (D’Errico & Roukny, 2019, Proposition 7) a solution to the optimisation problem
in Definition is a directed acyclical graph, i.e., that is a graph that does not contain any
cycles. In particular, one can obtain a solution by repeatedly compressing along one compression
network cycle, see (D’Errico & Roukny, 2019, Subsection 12.2 Conservative Algorithm). As
discussed there it will matter in which order this is done, since it is possible that some edges
are part of several cycles. An algorithm for choosing the ordering is given in (D’Errico &
Roukny}, 2019, Subsection 12.2 Conservative Algorithm). They always choose p = p™** in each
compression step.

3 Measuring systemic risk

We consider different types of payment obligations that arise from the network of liabilities X
and describe how we measure the systemic risk associated with them.

3.1 Payment obligations, margins and liquidity buffer

We assume that all payment obligations that arise from the original liabilities matrix X can
be expressed by using a suitable function f" that maps the original liabilities matrix X into
payment obligations L = fV(X).

Definition 3.1 (Payment function and payment obligation matrix). Let X € [0,00)V*N be a

liabilities matriz. Consider a function fV : [0,00)N*N — [0,00)N*N where fV(x) = Vx for
V €[0,00), z € [0,00)V*N. We refer to fV as payment function.

We define a matriz L = (L;j) € [0,00)"*Y where each element L;; = Z-‘]((X) = V X;; represents
the payments that are due from i to j, i,7 € N at a given point in time. We refer to L
as payment obligation matrix. We refer to L € [0,00)N, where L; = Z;VZI Lij, as the total
payment obligations.

Payment obligations can in principle arise throughout the lifetime of the contract. We
restrict our analysis to only one point in time at which payments are due. In principle, our
analysis could be extended to allow for multiple points in times at which payments are due.

If we set V = 1 in the definition of fV, then L = X and hence the payments due are the
original liabilities. In practice, this does not need to be the case. Payment obligations can for
example arise from variation margins becoming due (BCBS I0SCO) 2015)). One distinguishes
between variation and initial margins. Variation margins reflect current exposures and are
settled regularly, initial margins reflect potential future exposures and are usually required at
the outset of a derivatives transaction. By choosing an appropriate payment function f¥, our
payment obligation matrix can represent variation margins that are due on a given day.



Consider for example a situation in which the original network X represents Credit Default
Swaps contracts. In particular X;; represents the amount of protection sold from ¢ to j in case
of a credit event occurring to the underlying reference entity over a given time period. If there
is shock to this reference entity that increases its probability of default for example, variation
margins will be due from the seller of the CDS protection to the buyer of the protection since
the value of the CDS contracts becomes more valuable to the protection buyer and increases
the liabilities of the protection seller. This change is reflected in the variation margin that
is then due from the protection seller to the protection buyer, see [Paddrik et al.| (2020) who
discussed such a situation in detail. As in their model, we will also allow for the existence of
initial margins.

Definition 3.2 (Initial margins). Let X be a liabilities matriz and let J € [0,00). The initial
margin that node i sets aside to protect its liabilities to node j is given by JX;j, where i,j € N.

Setting J = 0, would imply that there are no initial margins available, and for J > 0 initial
margins are available which are proportional to the notional size of the contract. This pro-
portionality assumption is referred to as the standard schedule and was introduced in (BCBS
10SCO, [2015). There have been alternative proposals since then, see e.g.|Cont| (2018]) who high-
lighted that the standard schedule typically overestimates margin requirements. For tractability
purposes we will still consider the proportional caseE|

To complete our modelling framework we assume that at the time when payment obligations
become due each node is equipped with external assets, i.e., assets from outside the network,
only a part of which, the liquidity buffer, is available to satisfy any payment obligations.

Definition 3.3 (External assets and liquidity buffer). We denote by A € [0,00)N the vector
of external assets and by b € [0, A©)] the liquidity buffer.

We analyse how portfolio compression affects payment obligations and liquidity buffers.

Definition 3.4 (Payment obligations, initial margins, liquidity buffer under compression).
Let X be a liabilities matrix for which there exists a conservative compression network cycle
C = (Crodes: Cedges) of X with mazimal capacity p™*. Let 0 < p < p™ and let XCH be the
p-compressed liabilities matriz. Let L = fV(X) = VX be the payment obligation matriz, where
V € [0,00).

1. We refer to the matriz LE* with

L-C-’“ — ,V.(Xcvf‘) _ VX’L] - V/L Zf (’La]) S Cedgesa _ Lij - V:u Zf (Zaj) € Cedgesy
L4 K VX otherwise, L;j otherwise,
(6)

as the p-compressed payment obligation matrix (using cycle C). We refer to EZ-C’“ =

D ieN Z-‘]/-(Xc’“) =V ien Xicj’” as the total py-compressed payment obligations of node

i € N (using cycle C).

2. The p-compressed initial margins are given by JXC*, where

JXC;M — JXij —Ju i (17]) € Cedges;
v JXi; otherwise.

2When modelling initial and variation margins we should keep in mind that for the purpose of this analyses we
consider fungible derivative positions, meaning portfolio compression can actually be done since these contracts
are completely comparable. Hence, assuming that margin requirements are proportional to exposure size is
reasonable. Initial margins are often set as 99% loss quantile for a 10-days period and hence represent a Value-
at-risk which is known to be positive homogeneous, i.e., scales with position size. (This would also apply if other
risk measures were used such as the expected shortfall.)




3. The p-compressed liquidity buffer 57 € [0, 00)", where v € [0,1], is given by
bC,u,'y _ bi + ’YJM Z.fi € Cnode& (7)
! bi7 Zf’b € N \ Cnodes'

Hence, we see that portfolio compression reduces the payment obligations, and therefore
variation margins, since the payment function f" is non-decreasing. Furthermore, portfolio
compression also reduces the initial margins. Therefore there are strong incentives for market
participants to engage in portfolio compression. This is particularly relevant for initial margins
which can never be netted.

Regarding the liquidity buffer we allow for different effects of compression. If v = 0, then
the liquidity buffer is not affected by portfolio compression, which can be interpreted as the
corresponding assets that are no longer tied up in initial margins are considered as illiquid
assets. If v = 1 then we assume that the liquidity buffer of those nodes taking part in portfolio
compression increases by exactly the amount that is no longer required as initial margins since
the position was reduced. For v € (0,1) we have some increase of the liquidity buffer for those
nodes taking part in portfolio compression but this is less than the corresponding reduction in
initial margins.

We now formally define a payment system in which we will analyse systemic riskE|

Definition 3.5 (Payment system). Let X be a liabilities matriz for which there exists a con-
servative compression network cycle C = (Cpodes, Cedges) 0f X with mazimal capacity p™*. Let
0 < p < p™> gnd let XCF be the p-compressed liabilities matriz. Let V € [0,00) and L = VX
the corresponding payment obligation matriz and b the liquidity buffer. We will refer to (L,b)
as payment system and to (LC’“, bC’“’“f) as p-compressed payment system, where L and bCH7
are defined in (@) and @ respectively and p € [0, p™**].

3.2 Clearing the payment obligations

To measure systemic risk we consider a suitable extension of the Eisenberg & Noe (2001))
framework for clearing payments in financial networks. In particular, we incorporate ideas
developed by |[Paddrik et al. (2020)) and Ghamami et al.| (2020)) for clearing with collateral (i.e.,
initial margins) into the the framework developed by |Veraart| (2020)) to measure systemic risk.

In the following we define the notion of equity revaluation which is a slightly modified version
of (Veraart, [2020, Definition 2.4) which is related to the approach developed in Barucca et al.
(2020).

Definition 3.6 (Re-evaluated equity). Consider a payment system (L,b) and let (LE#, bCH7)
be the corresponding p-compressed payment system where p € (0, u™**].

1. A valuation function is a function V : R — [0, 1], given by

1, ify>1+k,

r(y), ify <14k, ®)

v = {

where k > 0 and r : (—oo,1+k) — [0, 1] is a non-decreasing and right-continuous function.

3The payment system characterises all payments due and hence serves as the basis for analysing systemic risk.
It is related to the original liabilities X via the payment function f¥. We assumed that L;; = fV(X) = VXy;
for all i,7 € N and V € [0,00). The analysis on systemic risk does not rely on this proportionality assumption,
since it is conducted on the payment system directly. Therefore, one could consider more general functions fV as
long as they are meaningful from an economic perspective. Since we assume that the liabilities X are fungible,
the proportionality assumption makes sense and is consistent with approaches used to derive initial margins as
outlined before.



2. Consider a valuation function V. We define a function ® = ®(-;V) : £ — £ where

E.+ L. _
Oi(E) = O(E; V) =bi+ Y LiV (” s ]> — Lj, (9)
: L;
JEM

M = {Z €N| EZ > 0}, E = [b*[_/,bjL/_l*I_/], /_11 :Zj‘vzlei; [_/1 = Z;V:IL’U Vi e N.
The re-evaluated equity in the non-compressed network is a vector E € £ satisfying

E=&(E). (10)

3. Consider a valuation function V. We define a function ®S#7 = &(; V) : ES — EC where
B+ L" -c
J> - LM, (11)

EC,M

J

(2
jeEMC
ME = {i e N| IE" > 0}, & = [bCn7 — LOm by 4 AC — [Cn] AC = Z;V:l Lgc'éur

Ef’“ = Z;VZI ij’“ Vi € N. The re-evaluated equity in the compressed network is a vector

E € EC satisfying

E = o (E). (12)

Since r is non-decreasing and right-continuous, V is also non-decreasing and right-continuous.
Therefore (Veraart|, 2020, Theorem 2.5) guarantees the existence of the re-evaluated equities in
and as fixed points of ® and ®C*7 respectively.

Similar to [Veraart| (2020), for a given node i € N, the function ®; models the difference

between the liquid assets b; + Zje/vt LV (Ejgerj

liquid assets consist of the liquidity buffer b; and the payments received from the other financial
E; ZJ;L]

implies that not the full amount of payment obligations are paid by j to ¢ which reduces the

liquid assets that ¢ has. The interpretation for the terms appearing in ®¢#7 is the same as for

® with the only exceptions that the compressed network is considered.

If L =X and A® = b, then the positive part of the re-evaluated equity would correspond
to the equity of the node, as in Eisenberg & Noe (2001)).

In this re-evaluation approach all payment obligations are treated equally. In particular, no
netting takes place prior to clearing. Any type of netting (such as bilateral netting, compression
etc.) would effectively introduce a seniority structure, where liabilities that are netted have
implicitly a higher seniority than those that are not netted, see |[Elsinger| (2009) for a clearing
approach with different seniorities of debt.

As described earlier, we refer to a tuple (L, b) as a payment system, where L is a payment
obligation matrix and b is a vector of liquidity buffers. If we use such a system to make any
statements about its associated systemic risk based on a valuation function V, we write (L, b; V)
and also refer to it as a payment system.

We consider special choices of valuation functions next to give some intuition on what they
can represent. All results we derive, however, will hold for general valuation functions defined

in .

Remark 3.7 (Special choices for V from the literature). 1. TheEisenberg & Noe (2001) model

) and the total payment obligations L;. The

institutions given by > jeM LV ) If the function value of V is strictly less than 1 this



can be recoveredlﬂ by setting k = 0 and

V™ (y) = min{1,y"}. (13)

2. The special case of the model by |Rogers & Veraart| (2013|) with bankruptcy costs param-
eters « = B € [0, 1] can be recovered by setting k = 0 and

1 ify>1,
VW@%={mﬁ ﬁz;L (14)

3. In |Veraart| (2020); Glasserman & Young (2015) it was argued that contagion can be
triggered prior to the point where the equity of an institution is zero and it was proposed
to consider k£ > 0.

4. The zero recovery rate valuation function is defined by
V*(y) = Iy>144}y, Where k > 0. (15)

All special choices of valuation functions mentioned so far do not account for initial margins.
In the following we define a special case of a valuation function that incorporates initial margins.

Definition 3.8 (Valuation function accounting for initial margins). Let J € [0,00) and 5 €
[0,1]. We define the initial margin valuation function by VImiiatMargin . R s [0 1], where Yy € R

1 ify>1,

nnn{1“7¥-5y+}, if y < 1. (16)

V[nitialMargm(y) — {

One can easily check that VnitialMargin i 5 yaluation function. Using (Veraart, [2020, The-
orem 2.11), we conclude that higher values of initial margins lead to a better outcome for the
system in the following sense: Let 0 < J; < Js be two possible parameters for J in , then the
greatest re-evaluated equity corresponding to parameter Jy would be greater or equal than the
greatest re-evaluated equity corresponding to Ji. In particular, a system with initial margins
has better outcomes than a system without initial margins.

The choice of VmitialMargin i motivated by the approaches developed in [Paddrik et al. (2020);
Ghamami et al. (2020) for clearing in collateralised networks. We are essentially using these
ideas but rewrite them to fit a slightly different mathematical framework that is more tractable
for the purpose of our analysis. The first difference between Paddrik et al. (2020)); |Ghamami
et al. (2020) and our formulation here is that we express the clearing problem in terms of the
re-evaluated equity, i.e., within the framework of Veraart| (2020), and not in terms of the clearing
payments, since this makes the analysis in the compression context more tractableﬁ The second
difference is that we include bankruptcy costs modelled in terms of the parameter 8 € [0, 1],
whereas the other approaches mainly focus on 5 =0 and g = 1.

4In [Veraart| (2020) it was shown how the corresponding clearing vector considered in [Eisenberg & Noe
(2001)); [Rogers & Veraart| (2013) can be derived from the re-evaluated equity and how the re-evaluated eq-
uity can be derived from the clearing vector. In particular, if E* is the greatest re-evaluated equity, then

L; =V (%J:Ll) L; Vie M and L} =0 for all i € N'\ M denotes the corresponding clearing payments, i.e.,
these are the total payments that node i makes, which ideally would be its total nominal obligations L; but it
could be less than that.

SWhen initial margins are used it is possible that a defaulting node satisfies its payment obligations in full
by covering a potential shortfall with the initial margins, see also |Ghamami et al.| (2020). Therefore, one cannot
infer who defaults from the payments made. In the classical Eisenberg & Noe| (2001)) framework this is indeed
possible: There a node defaults if and only if it does not pay its liabilities in full. By analysing the re-evaluated
equity we can distinguish between defaulting and non-defaulting nodes and the corresponding payments follow
from there.
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We provide some intuition for the choice of YmitialMargin eyt If we set J = 0, YvitialMargin
reduces to VRV, We therefore consider J > 0 for now. Let E* be a fixed point of ®. Suppose
E*+L; . . L
Yy = S5 for a j € N. Then, the payment that node 7 makes to node i is given by

L;
- _—
o . (EY+L; Ef+L;
LjiVImtlalMargm (JZ‘/J> = min {Lﬂ, JLj; + 5sz’ (J[_/J> } =: (%).
J J

Now if J < 1, then (x) > JLj; implying that node j will always at least pay the amount
N
. . . EX+L;
corresponding to the initial margin to ¢ but possibly even more if 3Lj; | — E+ 2 > > 0. Under
J
no circumstances can 4 receive more than Lj; from j. If J > 1, then the initial margins guarantee
full payment of Lj;.

3.3 Definition of default, reduction of systemic risk and harmfulness of port-
folio compression

In the following we will compute the greatest re-evaluated equity both in the original network
and in the compressed network, i.e., we will always consider the greatest fixed point of ® and
PCH7 in and respectively. They correspond to the best possible outcome for the
economy. Based on these quantities we can then infer which nodes are in default in the network
with compression and in the network without compression. Hence, we take an ex-post point of
view. We ask what would happen if no compression takes place and we then evaluate the network
at a point in time when payments are due. Then we consider the case where compression has
taken place and we then evaluate the network when payments are due and compare the outcome
to the situation without compression. We summarise the mathematical setting as follows.

Assumption 3.9 (Market setting ). e Let X be a liabilities matrix for which there exists
a conservative compression network cycle C = (Cyodes; Cedges, ™) with maximal capacity
Mmax > 0.

e Let V be a valuation function and k& > 0.
e Let (L,b; V) be the corresponding payment system with total payment obligations L.

o Let 0 < pu < ™, Let L+ be the p-compressed payment obligation matrix. Let LE* be
the total p-compressed payment obligations.

e Let E* be the greatest re-evaluated equity in the non-compressed network.

o Let ECH7* be the greatest re-evaluated equity in the compressed network with v € [0, 1].
o Let ECH0* be the greatest re-evaluated equity in the compressed network with v = 0.
We can now define what it means for an institution to be in default.

Definition 3.10 (Definition of default). Consider the market setting of Assumption[3.9 Then,
the set of defaulting financial institutions in the non-compressed system is

D(L,b;V)={i e N'| Ef < kL;} (17)
and the set of defaulting financial institutions in the compressed system is

D(LEH WCm, V) = {i € N'| ESH7 < RLSH). (18)
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The definition above defines default (in the non-compressed system) as the point when

the quantity <EJL+]LJ> < 14+ k. For k = 0, this is equivalent to saying that the available
liquid assets are strictly smaller than the payment obligations which is equivalent to Ej* < 0.
This is the situation we have in mind when considering variation margin payments, i.e., for
Y = ynitialMargin = This ig the situation we have in mind when considering variation margin
payments, i.e., for V = YnitialMargin “aq ip) Paddrik et al.| (2020); Ghamami et al.| (2020).

If £ > 0, then the default condition is equivalent to saying that the available liquid assets
are strictly less than the required payment obligations plus an additionally required buffer. In
Remark we show that to be able to account for certain capital requirements it is sometimes
beneficial to allow for an earlier start point of default, i.e., k& > 0.

Ejfij
L;

Recall that the payments from j to i are L;;V . If j is in default, then we are in

the default branch of the valuation functiorﬂ ie., V(y) = r(y) and this value can be strictly
less than 1 implying that payment obligations from j to ¢ are no longer satisfied completely. In
the case of initial margins, i.e., if V = yritialMargin “thep jt is possible (but this will depend on
Ei+L;
Lj

the magnitude of the initial margins) that L;;V < = Lj; even though j defaults.

We are now in a position to formally define what we mean by saying that a particular
compression reduces systemic risk or is harmful. We do this by comparing the defaults in the
non-compressed network to the defaults in the compressed network (see Definition [3.10)).

Definition 3.11 ((Strong) reduction of systemic risk and harmfulness). Consider the market
setting of Assumption[3.9. We say that the compression network cycle C reduces systemic risk
if D(LCH bCHY; V) C D(L, b; V). We say that the compression network cycle C strongly reduces
systemic risk if D(LEH, 6" V) C D(L,b; V). We say that the compression network cycle C is
harmful if D(LEH, 6C#7; V) \ D(L, b; V) # (.

Based on this definition, we say that compression reduces systemic risk if every node that
defaults in the compressed network also defaults in the non-compressed network. In the same
spirit, we classify compression as harmful if there are nodes in the network that default in the
compressed network that would not have defaulted in the non-compressed network.

4 Consequences of portfolio compression on systemic risk

We now analyse the consequences of portfolio compression for systemic risk. One might think
that portfolio compression reduces systemic risk since it reduces gross exposures while not
changing the net exposures. Indeed we will show that in many realistic scenarios portfolio
compression reduces or even strongly reduces systemic risk.

There are circumstances, however, in which compression can be harmful. Portfolio optimisa-
tion is an optimisation problem that aims to reduce gross exposures subject to some constraints
such as keeping net exposures unchanged (O’ Kanel 2017; D’Errico & Roukny, [2019). As long
as these constraints do not explicitly account for systemic risk there is no reason why a solution
to such an optimisation problem should automatically reduce systemic risk.

4.1 Who can be affected by portfolio compression?

We identify those nodes that can in principle be affected by portfolio compression by defining
a compression risk orbit[}

9Veraart| (2020) distinguishes between default and distress, but we do not make this distinction here.
A risk orbit for an individual node has been considered in [Eisenberg & Noe| (2001)).
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Definition 4.1 (Compression risk orbit). Consider the market setting of Assumption . The
compression risk orbit of C is

O = Crodes U{j € N | Fi € Cpodes and 3 a directed path from i to j in G}, (19)

where G is the graph with nodes N and edges € = {(i,j) € N? | Li; > 0}.

The compression risk orbit contains all nodes on the compression network cycle and all
nodes that can be reached from nodes on the compression network cycle; compression could in
principle affect their outcome (both positively or negatively). All nodes in N'\ O cannot be
affected (positively or negatively) by compression, i.e., the greatest re-evaluated equity with or
without compression coincides for those nodes.

Proposition 4.2. Consider the market setting of Assumption . Then, Ef = Eic”“w* Vi €
N\ O, where O is given in (19).

The proof of this proposition and proofs of all following results are provided in Appendix

4.2 Fundamental versus contagious defaults

We will distinguish between two types of default: fundamental default and contagious default.
Fundamental defaults are defaults that occur even if all nodes pay their payment obligations in
full. Contagious defaults are all default that are not fundamental defaults. In order to formally
define these two types of default we consider the difference between nominal liquid assets and
total payment obligations and refer to it as initial equity (even though the assets and liabilities
considered here might not reflect the full balance sheet).

Definition 4.3 (Initial equity). Consider the market setting of Assumption . Forallie N
define the initial equity in the non-compressed and in the compressed network (for parameters
v7=0orvy€l0,1]) by

— b + Z Lji — Ly, iC'(O); _ bC’“’ Z 5 EiC(O)W _ bf,u,v + Z Lg(‘jiu _

JEN JEN JEN
(20)

Hence, the initial equity corresponds to the best possible situation, namely all nodes repaying
their payment obligations in full. Recall, that 5¢#0 = b.

Definition 4.4 (Fundamental and contagious defaults). Consider the market setting of As-
sumption . Let EO) ECOXY pe the initial equity defined in (@ We refer to F = {i € N |
EZ-(O) < kL;} and D(L,b;V)\ F as the fundamental defaults and contagious defaults in the non-
compressed network, respectively. Similarly, we refer to FC = {i e N'| ECO < kf/f’“} and
D(LEH CHY; V) \ FC as the fundamental defaults and contagious defaults in the compressed
network (where vy € [0, 1] ), respectively.

We will show in Lemma that 7 C D(L,b; V) and FC C D(LSH, bC+#7; V). We show how
portfolio compression affects fundamental defaults using properties of the initial equity.

Lemma 4.5. Consider the market setting of Assumptwn . The initial equities E( ) EC(O);O,

Ec(m ieN, a'reasm(@ Then, E() ES(O)OSEi( 7Vie N,Yy e (0,1].

)

Proposition 4.6 (Fundamental defaults and compression). Consider the market setting of
Assumption . Then, F¢ C F. If F\ FC #0, then kV +~J > 0 and F \ F€ C Cpodes-
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Hence compression can only improve fundamental defaults, in the sense that every node
that is in fundamental default in the compressed network also is in fundamental default in
the non-compressed network. For a strict improvement under compression certain parameter
constraints are required. For example, if portfolio compression increases the liquidity buffer of
a node (which would happen for v > 0) then portfolio compression could potentially avoid a
fundamental default. Similarly, portfolio compression could move a node further away from the
default boundary if £ > 0 in which case portfolio compression could also potentially avoid a
fundamental default.

For compression to be harmful we need at least one firm that defaults in the compressed
network that does not default in the non-compressed network. Since according to Proposition
4.6| portfolio compression cannot cause any fundamental defaults, such an additional default
would have to be a contagious default.

4.3 Structural conditions for the consequences of portfolio compression

The following theorem contains the main theoretical results of this paper. It identifies three key
structural conditions that are necessary for portfolio compression to be harmful.

Theorem 4.7 (Necessary conditions for compression to be harmful). Consider the market
setting of Assumption[3.9. Suppose that compressing cycle C is harmful. Then,

1.
D(L, b;V) N Cnodes 7& ®§ (21)

2. there exists an i € D(LEH, bCH7 V) N Cpodes such that

ECvﬂ?'}';*_’_E(’:’/"‘ E*+L
V=2 ) v ), 22
( Lo < L; > @)

3. the valuation function satisfies

V £ vEere, (23)
In the following we discuss the three structural conditions , and in more detail.

4.3.1 Defaults on the compression network cycle in the non-compressed network

Condition tells us, that for portfolio compression to be potentially harmful one needs at
least one default on the compression network cycle in the non-compressed network. Compressing
such a cycle can be harmful. The following proposition is used to prove part 1. of Theorem
[4.7 and identifies the relationship between the re-evaluated equity in the compressed and non-
compressed network.

Proposition 4.8. Consider the market setting of Assumption and let D(L, b; V)NCrodes = 0.
Then, Ef = B0 < ESHY* i e N and D(LE#H, bC+7; V) C D(LEH, 610, V) C D(L, b; V).

Hence, compression can only increase the re-evaluated equity if there are no defaults on the
compression network cycle in the non-compressed system. Under this assumption, if additionally
~v = 0, implying that compression does not increase the liquidity buffer, then the re-evaluated
equities with and without compression coincide. In both cases systemic risk is reduced.

We do an ex-post analysis here. In practice, firms would conduct portfolio compression
prior to payment obligations becoming due. Hence, at the time compression is done, is a
condition on the future state of the network. In this spirit, we conclude that if the probability
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that condition is satisfied in the future is low, meaning that it is unlikely for firms who
took part in compression to default in the future, then it is likely that this compression reduces
systemic risk.

4.3.2 Repayment proportions

The condition in Theorem is a statement about repayment proportions of nodes on the
compression network cycle that default in the compressed network. The total payments that
node ¢ makes to the other nodes in the non-compressed network are

Ef + L Ef + L\ -
> LV DR _y (Bt g
Li Li

jEM v

and hence it repays the proportion V (%) L;/L; =V (%) of its total payment obliga-

tions if no compression is used. Similarly, the repayment proportion of node ¢ in the compressed
C,usvi* | 7Cp

network is V <W

s

that repays a smaller proportion of its total payment obligations in the compressed network com-

pared to the non-compressed network. Any node i € N satisfying (22) is in D(LC’“, bc’“’7;V),

EC,H;W:*+ES,M Copsys*

* 4T FCu
since from (22) V | = o <V <%) < 1 and hence B AL 14k by |H)

7Cp
L;

. Condition (22)) therefore says that there exists a node 7 € Cpodes

Hence condition says, that for portfolio compression to be potentially harmful one needs
at least one node on the compression network cycle that repays a strictly smaller proportion of
its total payment obligations in the compressed network than in the non-compressed network.

Consider such an i € D(LEH, bH7; V) N Chodes Satisfying . Since i repays a smaller pro-
portion of its debt after compression, it can transmit larger losses to other nodes in the network.

The payment that node ¢ makes to any node j € N without compression is L;;V (E‘; Li) and

E.C’“"”*Jrf/f’“

with compression it is Licj’“ \% < o ) Then, for all j € N with L%’“ > 0 it holds that

L;; > 0 and hence

O | TCm ESHE | [Cm E* 4 L.
LC.’“V - el < LUV T —C+ ! < LZ‘]‘V —- jL L.

Hence, node j receives less from ¢ in the compressed network than in the non-compressed
network.

Therefore, as long as all nodes on the compression network cycle repay a greater or equal
proportion of their debt in the compressed network compared to the non-compressed network
(as stated in then compression reduces systemic risk. From this statement we can derive
several implications which are of interest for interpreting the results.

Proposition 4.9. Consider the market setting of Assumption|[3.9. Suppose that at least one of
the following three conditions is satisfied:

1.

ECHE | [Cm E*+ L.
V(Zﬁjl>>v<’+’> Vi € Crodes; (24)
i

EC,M

7

[ONTR 7C
E' Y3 L sH
\4 <Z+Z> =1 Vie Cnodes; (25)
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D(LEH, bEH7: V) N Croges = 0. (26)

Then, Ef < ES"* for alli € N and D(LE+, b¢#7;V) C D(L,b; V).

Condition says that for compression to be potentially harmful one needs to have a
default on the compression network cycle not just in the non-compressed network (condition
) but also in the compressed network. Hence, there cannot be a situation in which financial
institutions engage in conservative compression such that none of them defaults in the com-
pressed network but a financial institution outside the compression network cycle is worse off
(in the sense that it defaults only in the compressed network). Hence, if compression is harmful
for a node outside the compression network cycle, then there must exist a defaulting node on
the compression network cycle.

Now consider the situation where at least one node on the compression network cycle defaults
in the compressed network. Then condition implies that as long as all nodes on the
compression network cycle repay their debt in full - this could happen due to sufficient initial
margins - then compression cannot be harmful.

Next we provide an intuitive explanation how portfolio compression can change the distri-
bution of losses in the network. In several approaches in the literature such as|Eisenberg & Noe
(2001); Rogers & Veraart| (2013); Veraart| (2020)) the valuation function V is a capped piecewise
linear function. Also our newly introduced function VritialMarein 3115 in this class. A key idea
of the [Eisenberg & Noe (2001)) clearing approach (which also applies to more general capped
piecewise linear functions) is that all defaulting nodes repay their debt according to the propor-
tions according to which their nominal payment obligations are distributed. These proportions
are specified in terms of a relative liabilities matrix.

Proposition 4.10. Consider the market setting of Assumption[3.9. Consider the relative pay-
ment obligation matrices II, TIC* € RVXN where

L;; . Lic"u .o 7C,
H’L] — { L.]v Zf LZ > Oa HC;# — Z(_?J,;H Zf Lz . > 07
. _ 1) * —
;o if Li =0, 0, ifLS*=o.

For i € Cpoges we denote by suc(i) (successor) the node in Cpoges that satisfies (i, suc(i)) € Cegges-
Then, for all i € Cpoges
oo+ <1l

isuc(i) — isuc(i)

H%"u‘ > Hz’j Vj € N\ {SUC(i)};

and for all i € N\ Cpoges and for all j € N Hicj’” =1I;;.

We see that for nodes that are not on the compression network cycle, the proportions
according to which they distribute their payments to the other nodes in the system do not
change. For the nodes on the compression network cycle these proportions do change: Smaller
(or equal) proportions are paid to the immediate successor of a node on the compression network
cycle. To all other nodes larger (or equal) proportions are used to allocate the payments.

Note that if proportions increase, this can also imply that a larger proportion of losses
hits neighbouring nodes and this is where the danger is coming from. As long as there are
no defaults on the compression network cycle, the fact that the proportions change for nodes
on the compression network cycle is irrelevant because they still satisfy the required payment
obligations. As soon as that is no longer the case, and the proportions determine how losses
are spread, the change in these proportions starts to matter.

16



4.3.3 Recovery rates

According to part 3. of Theorem [4.7] one needs non-zero recovery rates for portfolio compression
to be potentially harmful.

Proposition 4.11. Consider the market setting of Assumption[3.9 and assume that V = V*°.
Then, EX < ES"for all i € N and D(LE+, bC+7; V#0) C D(L, b; V=),

Hence, under zero recovery rates portfolio compression leads to a greater re-evaluated equity.
In practice, the recovery rates will depend on the time-horizon considered. Assuming a zero
recovery rate is reasonable when considering short-term consequences of default, see e.g. |/Amini
et al. (2016a) and the references therein for a discussion. For mid- to long-term consequences
of default it is important to consider models that allow for positive recovery rates.

If recovery rates are positive we can have a worse default of a node on the compression
cycle meaning that it defaults both in the non-compressed and in the compressed network but
it repays a strictly smaller proportion of its debt in the compressed network (satisfying )
If recovery rates are zero we cannot have such a worse default.

4.4 Compressing multiple cycles

All results so far (Theorem Propositions Proposition are statements about
compressing a single cycle. In practice, multiple cycles would/could be compressed. The results,
nevertheless, carry over to the multiple cycle case in the following sense. Suppose there are
multiple cycles Cq,...,C, such that conservative compression could be carried out along those
cycles sequentially starting from C; and finishing at C,,. This in particular implies that C;,
i €{1,...,m} is still a possible compression network cycle after the cycles C;, j =1,...,i—1
have been compressed. If V = V*'° then we know from Proposition that compressing
one cycle after the other cannot be harmful. Suppose now that V = V#™. Then according to
Theorem (part 1. and part 2.) we need to check properties of the nodes on the compression
cycle. Suppose that at least one of the conditions in part 1. and part 2. is not satisfied for
compression cycle Cy, then compressing this cycle cannot be harmful. Next one would need
to check the conditions for the nodes on the compression network cycle Co after C; has been
compressed. Again, if at least one of the conditions in part 1. and part 2. is not satisfied, then
compressing Co cannot be harmful, etc.. This can be formalised as follows.

Proposition 4.12 (Compressing multiple cycles). Let X be a liabilities matrix. Suppose there
exist m € N compression network cycles CO....,C™ such that conservative compression can
be carried out along those cycles sequentially starting from Ci and finishing at Cn,. This in
particular implies that C9 | i € {1,...,m} is still a possible compression network cycle after the
cycles CO), j =1,...,i — 1 have been compressed. We assume that each compression network
max max

cycle i € {1,...,m} is compressed by a quantity p; € (0, ui"**] where p}

) i i
compression capacity on cycle i after the cycles Ct,...,C*! have been compressed. Let C

is the maximal

all _
nodes ~—

Cilo)desu. ) .UCSL?(QES. Let (L,b; V) denote the corresponding payment system (without compression)
and denote by E* the greatest re-evaluated equity in the non-compressed system. We denote by
ECHC% the greatest re-evaluated equity that corresponds to the payment system in which the
cycles Ct,...,C', i € {1,...,m} have been compressed. The total payment obligation of node i
in this system is denoted by I_/gl""’cl. Suppose at least one of the following three conditions is

satisfied:

1.

D(L,b;V)NCH, =0, (27)

nodes
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@) % 7o) F
Ef '+ LS Ef AL\ . _ o0
V() 2y (BE) weet

Vn € {2,...,m} it holds that

1) (n) =cm) (n) 1) (n—1) Fc) (n=1)
v Ezc yeresCUM ke —i—LS yeesC Ly EZC yeesC x4 ng yeeeiC i e C(n)
Ec(l),...,C(”) = zcM) .. cn=1) nodes’

; L

)

(28)

3.V =Vy#r,
Then, compressing sequentially CV), ... C™) reduces systemic risk.

By combining the results from Proposition above with the results derived in (D’Errico
& Roukny, 2019, Section 12) for the characterisation of X we immediately obtain the following
corollary (of which statement 1 can be found in (D’Errico & Roukny, 2019, Section 12)).

Corollary 4.13 (Compression as optimisation problem). Let X be a liabilities matriz and let
X be a solution to the conservative compression optimisation problem defined in Definition .
Let (L,b; V) and (L,b; V) be the payment systems corresponding to X and X, respectively.

1. There exists a finite sequence of conservative compression network cycles CV, ..., (™),
m € N, such that conservative compression can be carried out along those cycles se-
quentially starting from C1 and finishing at Cp,, such that X s obtained by sequentially
compressing CV, ... ,C™) starting from the liabilities matriz X .

2. Consider the m conservative compression network cycles from part 1. of this Corollary in
Proposition [{.13. If at least one of the three conditions in Proposition is satisfied,
then the systemic risk in the payment system (I~/, b; V) is reduced compared to the systemic
risk in the payment system (L,b; V).

3. Part 2. of this Corollary remains valid if condition in the Definition of X is
replaced by a;; < X35 < X35 Vi,j € N, where a;; € [0, X45] Vi,j € N.

4.5 Policy implications

We have provided necessary conditions for portfolio compression to be harmful. Since we
have shown that portfolio compression cannot cause fundamental defaults, these are necessary
conditions for portfolio compression to cause contagious defaults. This implies that policy
measures that reduce the likelihood and severity of financial contagion automatically mitigate
potentially negative effects of portfolio compression.

Key mitigation mechanism for financial contagion are for example sufficient liquidity buffers
and sufficient collateral in form of initial margins. Higher levels of liquidity buffers and initial
margins would make it less likely that condition would be satisfied in practice, decreasing
the probability of portfolio compression having negative consequences.

Could one address possible negative consequences from portfolio compression more directly?
We have shown that for portfolio compression to be potentially harmful, we need to have at
least one node defaulting in the non-compressed network that takes part in compression (see
conditions and (27)). A possible conclusion from this result would be to exclude firms with
high default risk from compression activities. While there is currently no regulatory framework
to do this, it might not even be desirable. This would severely restrict the possible reduction in
gross exposure that can be achieved, which would lead to other disadvantages such as operational
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risks etc.. We will show that allowing high risk firms to participate in portfolio compression can
sometimes even strongly reduce systemic risk.

So a more nuanced approached might be more promising. As discussed in Remark
institutions participating in compression provide compression tolerances to manage their risk
associated with portfolio compression. Currently these tolerances are specified on the individual
contract level as in (|1)), and hence do not account for network spillover effects. To mitigate
systemic risk, it would be beneficial to take a network perspective when deciding on compression
tolerances and setting constraints in portfolio compression exercises. This is something that
usually cannot be done by the individual institution requesting portfolio compression.

We will show in our case study that portfolio compression can be harmful for nodes not
taking part in portfolio compression. These nodes would never provide any information or
compression tolerances to the compression provider, which shows that there is a need for a
financial regulator to oversee such an exercise or to provide a suitable framework for it. This
could involve, for example stress testing exercises, checking the validity of conditions like
and . Alternatively, one could add conditions of this nature to the portfolio compression
optimisation problem.

4.6 Illustration of the theoretical results

We illustrate our theoretical results by considering a network that allows for different conser-
vative compressions. Figure [2] highlights the nine different cycles. The liabilities matrix X is
defined as

b
I
OO = = O
OO = O =
OO O ==
SO O O
O = O O O

The only node that will never default is node 5 since it does not have any liabilities. Whether
any of the nodes 1,...,4 default will depend on the liquidity buffer b, the actual payment
obligations arising from X and the choice of compression network cycles. In the following we
will assume that the corresponding payment obligations are given by L = X (i.e., V = 1 in
the definition of fY). For this liabilities matrix the total net positions are AX) — LX) =
(=1,0,0,0,1)". Hence, any compressed network will have the same net positions. In particular
we see, that there are nine different ways of how conservative compression could be applied to
this particular liabilities matrix. Formally these compression network cycles given by:

e Red cycle (red solid line in Figure 2(a))): Cnodes = {1,2,3}, Cedges = {(1,2),(2,3), (3,1)};
e Blue cycle (blue dashed line in Figure: Crodes = 11,2, 3}, Codges = {(1,3),(3,2),(2,1)};
e Green cycle (green dashed line in Figure : Crodes = {1,2}, Cedges = {(1,2),(2,1) };

e Yellow cycle (yellow solid line in Figure : Chodes = 12,3}, Cedges = {(2,3),(3,2)};

e Pink cycle (pink dotted line in Figure 2(b)): Cuodes = {1,3}, Cedges = {(1,3), (3, 1)}

We can compress one or more of these cycles. We only consider compression with the
maximal capacity which is p = p™® = 1 for all cycles. We can see that node 1 has fewer
internetwork assets than liabilities. Hence, in the absence of any liquidity buffer for node 1 it
will default.

We will now show that compression can have very different consequences depending on the
liquidity buffer and depending on the recovery rates. Hence, an optimal compression in the
sense of reducing the number of defaults will not just depend on the network structure but also
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(a) Cycles involving 3 financial institutions. (b) Cycles involving 2 financial institutions.

Figure 2: Illustration of possible compression network cycles.

v Defaulting financial institutions when the following cycles are removed
none | red blue r& b | green yellow | pink g&y g&p | y&p
1
2 || 1,2,3 1[2,3]
3 1

Table 1: Results for V = VEN. Colour code: Light gray = strong reduction of systemic risk,
dark gray = harmful, white = no difference between compression and no compression in terms
of defaults (reduction of systemic risk). v € {1,2,3} represents three different liquidity buffers
b=A": AL =(1,0,0,0,0)T, A® = (0,0.25,0.25,0.5,0)T , A®) = (0.25,0.25,0.25,0.25,0) .

v Defaulting financial institutions when the following cycles are removed
none red blue r& b | green yellow pink g&y g&p | yv&p
1
2| 1,234 | [1,2,3]4 | [1,2,3]4 | [1]4 | [1,2]34 | 1]2,3]4 | [1]2[3]4 | [1,3]4 | [1]4 | [1.2]4
1,234 | [1,2,3)4 | [1,2,3)4 | [1]4 | [1.2]34 | 1]2,3]4 | [1]2[3]4 | [5.3]4 | [1]a | [1.2]4

Table 2: Results for V = V*™ with & = 0. Colour code as in Table 1l
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on quantities outside the network, e.g. the liquidity buffer. We will highlight the effects of the
different structural conditions identified in the previous section.

We will assume that the liquidity buffer corresponds to the external assets in the compressed
and non-compressed network, i.e., b = &7 = A() (where v = 0).

Tables [1] and [2] show which financial institutions default for different liquidity buffers b
(corresponding to the rows in the tables) and different choices of compression network cycles
(corresponding to the different columns in the table). Furthermore, Table [1| reports the results
for the |[Eisenberg & Noe| (2001) contagion mechanism, i.e., V = VEN whereas Table [2| reports
the results for the Rogers & Veraart| (2013) contagion mechanism with o = § = 0, i.e., zero
recovery rate in case of default (V = V**° with £ = 0). Hence, these two tables allow us to
compare the effect of the third structural condition - the role of the recovery rate.

The first two structural conditions are concerned with nodes on the compression cycle. We
include all nodes that are on a compression network cycle and default both with and without
compression in a box, e.g., , 3 indicates that nodes 1 and 2 are on the compression cycle
and default with and without compression. Node 3 is either not on the compression network
cycle or does not default without compression.

All cells in white that correspond to compressed networks indicate that exactly the same
financial institutions default for the compressed network as for the uncompressed network. Cells
in light gray indicate that the corresponding compression mechanism strongly reduces systemic
risk. Cells in dark gray indicate situations under which compression is harmful.

We consider three different vectors of liquidity buffers and assume that the total liquidity
buffer aggregated over all nodes remains the same, i.e., >, AZ(V) =1 for all v € {1,2,3}.

Only in the first row corresponding to b = AM) the liquidity buffer is distributed such that
no default occurs (for any choice of compression or no compression). In all other cases node 1
will always default. Since node 5 does not have any liabilities it will never default. For nodes
2,3, 4 it depends on the distribution of the liquidity buffer, the recovery rates and the choice of
compression whether they default or not. For nodes 1, 2,3 there exist cycles that can be used
to compress their portfolios whereas for nodes 4,5 no such cycles exist.

We observe the following consequences of compression in line with our theoretical results:
Reduction of systemic risk for V = V*¢°: Table |2 contains the results for zero recovery
rates. In line with Proposition we see a reduction in systemic risk throughout and many
examples of a strong reduction in systemic risk indicated by the light gray cells.

Reduction of systemic risk without defaults on compression network cycle in non-
compressed financial system: Consistent with Proposition for V= VEN p = 46)
compressing the yellow cycle (consisting of nodes 2 and 3 which both do not default) makes no
difference to the set of defaults and hence reduces systemic risk.

Compression can be harmful for nodes outside the compression network cycle: Let
V = VEN and A(® = A®). Then, nodes 1,2, 3 default without compression. When both the red
and the blue cycles are compressed, nodes 1 and 4 default. This observation and the example
is very similar to the example considered in Schuldenzucker et al. (2018)).

Compression can be harmful for nodes on the compression network cycle: When
V = VEN, A0 = A®) only node 1 defaults without compression but node 3 on the compression
network cycle defaults if the red cycle is compressed and node 4 outside the cycle defaults too.
Different choices of compression network cycles can lead to different outcomes: Let
V = VEN and A® = A®) Then some compression cycles strongly reduce systemic risk (e.g.,
compressing only the blue or only the red cycle) whereas other compression cycles are harmful
(e.g., compressing both the red and the blue cycle or compressing the green cycle) or make no
difference in terms of defaults (e.g., compressing the yellow cycle).

Different distribution of liquidity buffer can lead to different outcomes: Let V =
and consider compressing the red cycle. For some liquidity buffers (e.g. v = 2) we observe a
strong reduction of systemic risk whereas for others (e.g. v = 3) this compression is harmful.

VEN
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There are other cases (e.g. ¥ = 1) where compression makes no difference in terms of defaults.
Consequences of compression depends on recovery rates: Let b = A®). By comparing
Tables [I] and [2] we find that compressing both the blue and the red cycle is harmful under pos-
itive recovery rates, but strongly reduces systemic risk under zero recovery rates. Furthermore
compressing only the red or only the blue cycle strongly reduces systemic risk under positive
recovery rates (where as it makes no difference under zero recovery rates).

Strong reduction of systemic risk: Let V = VEN and b = A®). Compressing only the red
cycle strongly reduces systemic risk since node 2 no longer defaults.

In the following we illustrate the effects of different valuation functions in more detail.

Example 4.14. We set b = A® and compress sequentially first the red cycle referred to as
€M and then the blue cycle referred to as C (2), We assume that v = 0, i.e., compression does
not increase the liquidity buffer. We consider three different valuation functions VEN, VRV and
VInitialMargin )

First, let V = VEN ie. we consider the Eisenberg & Noe (2001) model. Table (1| shows
that D(L, b; VEN) = {1,2,3}. Compressing the red cycle yields D(Lc(l),b;VEN) = {1,3} hence
a reduction in systemic risk. The repayment proportions for ¢ € Coges satisfy

7 1) o
V(E?“h>za5zv(ﬂf*+mj>,

Ly e
- Wy 7o)
\V4 M —075<1=V u
L, )
Ef+ L ECWx e
V(iif3>:a%:V<i3(;f3.
3 L3

Hence, from Proposition [4.9 we know that this compression reduces systemic risk and here it
even strongly reduces systemic risk. Even though nodes 1 and 3 default both in the compressed
and the non-compressed network they repay the same relative proportion of their debt in both
situations (0.5 and 0.75 respectively) and that is why compression cannot be harmful. Without

Efglh)) Ly = 1.5 and losses of 1.5/3=0.5 hit

the three creditors of node 1 (nodes 2, 3, 4). With compression node 1 has a shortfall of 1 and
losses of 1/2 hit its two creditors (nodes 3 and 4), i.e., even though the repayment proportions
change (see Proposition , the absolute losses transmitted to nodes 3 and 4 remain the same
in this example.

compression node 1 has a shortfall of (1 — V(

Suppose that after compressing the red cycle, we compress the blue cycle. Then,
D(LC(U’C(Q) , b; VEN) = {1,4}, hence node 4 is a new default which is not on any of the compres-
sion cycles. Furthermore,

D)2 FeWe(2) 1) 7o)
V(ﬁzc*+L§C ):0<05:V<m3*+m3>,

FcWc(2) Fc)
Ll Ll
v (Eg(l)c@)* + Lfl)@) —05<1=V (Eg<”* - Li"(l))
Fce(2) - - Fc) .
L4 L4

Hence, node 1 always defaults. It repays a strictly smaller proportion of its debt when CV) and
C? (the red and blue cycle) are compressed than when only C(V) (the red cycle) is compressed.
Since V £ V79 all three necessary conditions for compression to be harmful are satisfied. Node
1 pays 0 to node 4 if both the red and the blue cycle are compressed since it has no longer any
income. Node 4 cannot cope with this and defaults. When only the red cycle was compressed
node, 1 was still able to pay 0.5 to node 4 which was just enough for it not to default.
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Second, let V = VRV with 8 = 0.99 which is the Rogers & Veraart| (2013). We find that
D(L,b; VRV) = {1,2,3,4}. Even the small bankruptcy costs modelled by 3 = 0.99 < 1 cause
the total collapse of the non-compressed financial system. Compressing the red cycle yields
D(LC<1> ,b; VRV) = £1,2.3, 4}, technically a reduction in systemic risk.

If both the blue and the red cycle are compressed, then D(Lc(l)’C(Q),b;VRV) = {1,4}. Nodes
2 and 3 can no longer default because they do not have any liabilities any more. Hence,
compressing these two cycles strongly reduces systemic risk.

Third, we repeat the analysis with V = VyritialMargin where the parameter for the initial
margins is J = 0.1. We consider 8 = 1.0 (no bankruptcy costs) and § = 0.99 (small bankruptcy
costs). For both choices of § the default sets coincide. They are given by

D(L, b; VInitialMargin) — {1}’
,D(Lc(l) b,VInitiaIMargin) — {1 3}
,D(Lc(l),c@) b_VInitialMargin) — {1 4}'

In line with the ordering results in Veraart| (2020), we see that adding initial margins to the
Eisenberg & Noe| (2001)) and the Rogers & Veraart| (2013) models yields a better outcome for
the system. But even when initial margins are available, i.e., J > 0 , we find that compressing
first the red cycle is harmful since node 3 is a new default and then compressing the blue cycle
is also harmful since node 4 is a new default. By increasing J, we could avoid all contagious
defaults, but node 1 remains in default since it is a fundamental default.

Remark 4.15 (An optimisation perspective on the numerical example). The optimal solution
to the conservative compression optimisation problem (Definition for the given example
corresponds to the network in which both the red and the blue cycles are removed. There exists
liquidity buffers, e.g., b = A® or b = A®) for which this compression is harmful, since node 4
is a new default under compression in the optimally compressed network.

If we consider the non-conservative compression optimisation in this example, i.e., the op-
timisation problem that has the same objective as the conservative compression optimisation
problem and also constraint but does not have constraint , then the optimal solution is a
network that consists of exactly one edge, the edge from node 1 to node 5, with weight 1. Node
1 remains in default (for all choices of b considered in the example), hence it pays less than 1
to node 5. But node 5 cannot default since its payment obligations are zero, so technically this
compression is not harmful. As discussed in D’Errico & Roukny| (2019) the non-conservative
compression optimisation problem is solved by a bipartite graph, i.e., the nodes can be split
into two sets where nodes in one set have only outgoing edges and nodes in the other set have
only incoming edges. (It is possible to have nodes that do not have any in- or outgoing edges
in which case they can be assigned to any of the two groups.) This is exactly what we get here.
Hence, losses can spread from node 1 to node 5, but node 5 cannot transmit them further.

5 Conclusion

When does portfolio compression reduce systemic risk? We have identified three structural
conditions that imply a reduction in systemic risk: no defaults on a compression network cycle
in the non-compressed financial system, all nodes on the compression network cycle repay a
larger proportion of their total payment obligations in the compressed system than in the non-
compressed system and zero recovery rates.

Even though there are many situations under which portfolio compression reduces systemic
risk, we have shown that there are circumstances under which compression can be harmful.
Ultimately the danger from portfolio compression comes from firms at risk of default engaging
in portfolio compression. If they then default, losses are spread in a network that now has
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a different structure compared to the original non-compressed network. In particular, since
compression has implicitly changed the seniority structure of the debt, all those debts that were
compressed prior to payment obligations becoming due have effectively been paid in full, which
is obviously not the case for still outstanding debt. For nodes that do not default this change in
seniority structure does not matter, since they continue to be able to satisfy all their payment
obligations. For nodes that do default (and who have not posted sufficient initial margins to
cover the payment shortfall) compression can imply that they spread losses now differently and
some counterparties might be hit by larger losses in the compressed network.

We have shown that portfolio compression cannot cause any fundamental defaults. Portfolio
compression might even potentially avoid some fundamental defaults. For compression to be
harmful we need at least one firm that defaults in the compressed network that would not have
defaulted in the non-compressed network. Hence, such a default would have to be a contagious
default. These findings imply that any mechanisms that reduce the likelihood of contagion in
financial markets also reduce the likelihood of portfolio compression having a negative outcome.
Requiring collateral (initial margins) is an obvious mechanism which reduces the probability of
contagion. Nevertheless, a residual risk remains for all not fully collateralised trades and in such
a situation portfolio compression can change the outcome for the system. Another mechanism
would be to require larger liquidity buffers as they fundamentally determine the likelihood of
contagion, see Glasserman & Young| (2015) and Paddrik et al.| (2020).

Our analysis shows that classical compression tolerances that are meant to provide a safety
net for compression to not increase risk, cannot fully achieve this as long as they do not account
for network effects. The paths that can transmit losses from a compression network cycle to
other nodes in the system are not directly observable for the participants making it difficult for
them to assess potential risks from portfolio compression themselves and including them in a
meaningful way as part of their compression tolerances.

In general we find that if only firms with low default risk engage in compression activities,
then this does not give cause for concern. Whether one should restrict portfolio compression
services to low-risk firms is a different question. Any restrictions on who can participate would
significantly limit the reduction in gross exposure that can be achieved and the associated
benefits that come with it, such as operational benefits. In practice, portfolio compression is
done for a wide range of reasons, and we have only considered it from a systemic risk point of
view. Even then, we have found situations under which allowing high risk firms to compress
their portfolio can sometimes strongly reduce systemic risk.

Ultimately, one would need to conduct a cost-benefit analysis of portfolio compression to
decide whether one might want to use such a technology on a large scale or not. Using our
analysis within such a cost-benefit analysis would be an interesting avenue for future research.

A Compression and capital requirements

Remark A.1 (Compression and capital requirements). We show that portfolio compression
can be beneficial for complying with the minimum leverage ratio under Basel Hlﬁ and this
effect can be captured within or model. Under Basel III the leverage ratio is defined as (tier 1
capital)/(balance sheet and off-balance sheet exposures) and is required to be larger than 3% in
Europe (slightly higher in the US). Since the leverage ratio uses gross exposures, compression
reduces the denominator of the leverage ratio and hence increases it.

We assume for now that L = X and b = A®). Let (L,b;V) be the corresponding payment
system and let E* be the greatest re-evaluated equity that corresponds to using the valuation

8When “regulatory capital charges are aligned with the counterparty exposure risk, the capital charge should
not change. However if cruder approaches are being used that do not accurately capture offsetting risks, such
as the current exposure method (CEM) or leverage ratio approach, compression will tend to reduce the capital
charge”, |O’ Kane| (2017).
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function V. By using E* as approximation of the tier 1 capital and E* + L as approximation
of the exposures, and requiring that the corresponding leverage ratio is larger than 3%, we
obtain E;FJZL > 0.03 & Ef > %Ei ~ 0.031L;. Any breach of this inequality could cause
default. Within our model, recall that ¢ € D(L,b;V) & Ef < kL; and therefore we can set
k= % as threshold in to define such a default event demonstrating the benefit of allowing
for k > 0. Note, that in the compressed network the corresponding default threshold would
satisfy kif’“ < kL; for all i € N and would therefore be lower (and hence better) than in the
non-compressed network. Note that in models with & = 0, compression does not affect the
default threshold and one can therefore not capture the advantage of portfolio compression for
capital requirements.

B Proofs

B.1 Additional notation

Let C = (Cuodess Cedges, #™*) be a compression network cycle with maximal capacity u™**. We
will use the notation pred(7) for the node in Cyoges that is the predecessor of i on the cycle Cpodes,
i.e., pred(i) is the node that satisfies (pred(i),i) € Cedges- Similarly suc() is the successor of 4
on the cycle, i.e., it is the node in Cpoqes that satisfies (i,suc(i)) € Cedges-

B.2 Proofs of the results in Section [2]

The following result formalises the claim made that conservative compression keeps net ex-
posures fixed while reducing gross exposures and is therefore in line with the corresponding
definition in |D’Errico & Roukny| (2019)).

Lemma B.1. Let X be a liabilities matrixz for which there exists a conservative compression
network cycle C with mazimal capacity p™> > 0. Let 0 < p < ™ and let LE+* be the
u-compressed liabilities matrix using cycle C. Then,

1. XC# is a liabilities matriz, i.e., XZ-C]-’“ >0Vi,j € N and XZ-CZ-’“ =0VieN;

2. X" < Xy for alli,j € N;

E(X)7C7M — ESX)’ ZfZ ¢ Cnodesa
' I’l - K, Zfl € Cnodes;

4. the net positions in the compressed network LEH coincide with the net positions in the
original network L, i.e., nic’“ =D jeN X]Ci’“ G > jen Lii — Li=n; Vi € N;

)

5. the gross positions in the compressed network LC" are less than or equal to the gross
positions in the original network L, i.e., Y . in’“ T > jen Lji + L;VieN;

i

6. compression strictly reduces gross positions of all i € Cpoges, i-€-, Zje/\/ in’“ + EZ(X)’C’“ <
(X)

Sjen Xji + L.

Proof of Lemma([B.d. 1. By definition if (7,) ¢ Cedges then Xicj’“ = X;; > 0 and if (i,)) €
Cedges then Xicj’” =X —p =Xy — min( X, > 0. Since Xj; = 0 for all @ € N
also Xici’” =0 for all i € N.

Vvlt) eCedges

2. This is obvious from the definition of X,
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3. It follows immediately from the definition that if 7 ¢ Cpoqes then LEX)’C’“ = LZ(X). Now let
(&S Cnodes- Then7

X)Copt Cp _ Cop Cop _ _ 7 (X)
=) Xij'= Xghe 0> XM= Xy-p=L7 -
JEN ~—— je/\/\{suc(i)}j;_’ JEN
= i,suc(i)_,u‘ -y

4. Tt is obvious that for i ¢ Cpoqes that the net position for the non-compressed network and
the compressed network coincides. For i € Cppqes this also holds since

=(X).C 7 , 7(X).C, 7 (X
it =3 X5~ L = XSO+ D X =LY = 3 Xy = LY = .
pred (i) J N—_——
jEN T~ GeM\pred()} YT JEN
Xpred(i)yi —H =Xji L7 —p

5. From part 2. and 3. we immediately get that for all i € N

ZXC’“+L G <N X+ LYY

JEN T =X, e JEN
6. Let i € Cpodes- Since p > 0 we get
C,,u 7 7”‘ _ CM C7l"‘ X)
Z X + L - Xpred(z)z + Z X +L —H= Z 2’“
N M N—— V N
7€ :ZEXLM =Xpred(i)i —H JeN\{pred(n)} =X I
< Z X
JEN

B.3 Proofs of the results in Section [4]

The following lemma will be used in several proofs below.

Lemma B.2.

Let X be a liabilities matriz for which there exists a conservative compression network cycle of
X with mazimal capacity p™**. Let (L,b;V) be the corresponding payment system, let 0 < p <
e and let LEF be the p-compressed liabilities matriz. Set

M={ieN|L; >0}, ME={ieN|LE > 0}.
Let j e M \./\/lc. Then the following holds. First, j € Cpodes and Lj = uV. Second,

L[V i suedi),
0, otherwise.

Proof of Lemma[B.3. First, let j € M\ MC. Then by definition of the sets L; > 0 and LC’” = 0.

Hence L; # L C# which implies that j € Cpodes. Since then L CH—T.—uV =0we 1mmed1ately
get that L = /LV

Second, from part 1. of this lemma we know that j € Cyoqes and Lj = uV. For fixed
j € M\ M€ we have by definition

LC“LL . Lji — ,uV, le = suc(j),
O Lji, if i € N\ {suc(j)}.
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Since L; ’” > 0 for all ¢ € N, in particular, Lijsuc(jy — #V = 0 and hence L > uV. Since,

jsuc(j)

0= [jjc.#‘ = Z Lj; —pV = Ljsuc(j) + Z Lj; —pV > pV + Z Lji — pV
ieN i€N\{suc(j)} 1€EN\{suc(j)}

2pV
= > L

i€N\{suc(j)}

Furthermore, since L = pV we must have that Ljg,c;) = pV.

we see that since Lj; > 0 for all i € N\ {suc(j)} it holds that Lj; = 0 for all i € N\ {suc(j)}.

O
Proof of Proposition[{.3. Recall from the definition of E* that
E* + L _
Ef =®i(E*)=bi+ Y LiV () —- I (29)
Lj
JEM

for all i € N. We denote by ®¢*7 the function that corresponds to the compressed network,
i.e., ECH7* is the greatest fixed point of ®CH7 i.e.,

EiC,;m;* _ (I)ZC7H77(EC7#§’77 bC,/w + Z LC#LV

< E'Cuuf vi* + Lcuu‘
jeMC

7Cp
70 ) - L, (30)
J

for all i € N. In the following we show that E} = Ef’“m* for alli e N\ O.
Let i € N'\ O. From

Er+L;\ -
Ef = &;(E*) =b; + ZLJZV<L> — L
J

JEM
B+ L _
=bi+ > LJN( ) > Lﬂv< ) —I
JEM\O JEMNO (31)
o
Ef +L; _
— b, . J I 7. — f(E*
=bi+ > L]N< 7 ) Li =: fi(Ejn0);
jeM\O

where (x) holds because by assumption ¢ € A\ O hence there cannot be a j € M\ O with
L;; > 0 otherwise this would imply that 7 € O.
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Similarly, from (30])

EC7M i* + LC/*” _
ES#W* (I,Cuv(Ec,u% )—bc””—i— Z LC,MV —Lf’“

C7
jeEME Lj !
EC,u;v;* Jrl‘/C,u ~
= b; + LiV|—L—— )L,
jez/vl:c ’ < L3"
ESM 4 I EC"”’ +L;\ .
=bi+ Y LiV () > L]ZV< ) ~L;
JEMENO L; FJEMENO L (32)
+ L _
=bi+ Y LJ,V< ) L;
FEME\O L
(%) Ej +Ej 7 C. sy
jeEM\O

where the justification for () is as before and the justification for (xx) is that L;; = 0 for all
je M\ M)\ Osincei € N\ O (see Lemma [B.2).
Let i« € O. From and using ideas from @

Ef + I _
Ef =®(E") =bi+ Y _ LV <> L;

JEM Lj

—b+ Y LJN(E +L>_ Li+ Y L]ZV< ) F(Erpno) + 9 Ehno)-

jEM\O FJEMNO

~~

=£i(Bip o) =:9;(E o)

Similarly, from and using ideas from

EC,/L Vi + Lcuuf B
Ef,u;v;* _ @f’”’V(EC’“W’ b&uv + Z LC My _[Cm

[ !
jeMC Lj
Ecuu 77 +L _
=bi+ Y LJZV< )-LH—
JEMC\O J
EC M35 + L
n Z LC,MV (L) + /L(’YJ + V)H{iGCnodcs}
JEMENO ’
=:g§ (Ei;é’;@

EC,/W* + L ~ c c
=bi+ D LJN( )—Lﬁgf(%’égb) FUEGRS™) + 97 (BRAT0)
JEM\O J

The function fano : Exno — Eano is non-decreasing and its greatest fixed point exists by

Tarksi’s fixed point theorem. In particular, it coincides with E}., and EC€ ’\18 ™ since we have

seen that the fixed points E* and E¢*7* can be decomposed into a component characterised
by f and a component characterised by g or ¢¢ with non-overlapping arguments.

d
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The following lemma is a reformulated version of (Veraart, 2020, Theorem 2.6) for the
situation with compression. We will use the sequences defined in there in several proofs about
the main results (i.e., in the proofs of Propositions 4.11]).

Lemma B.3. Consider the market setting of Assumption[3.9.  Define, the initial equity as in
Definition[{.3, i.e., for all i € N

JEN :b_ JEN JEN

We define recursively three (N-dimensional) sequences
EM — (I)(E(nfl)), EC(n)0 - _ (I)CylaO(EC(n*l);O)’ EC(n)y — @C:ﬂ:W(EC("*1)§7)7 (33)

where n € N. The functions ® and ®*7 are defined in @ and respectively. The function
PCH0 s a special case of DEHY obtained by setting v = 0 in the definition of ®CHY. Then,

1. The sequences (E™), (E€0) and (ECM™) are non-increasing, i.e., for alli € N and
for all n € Ny it holds that
Ei(n) > Ei(n+1)’ EC)0 > pCn+1)0 ECI > EiC(nJrl)w'

i = ’ i

2. The three sequences defined in converge to the corresponding greatest re-evaluated
equities, i.e., for all i € N

lim E( ) _ = FE;, lim E; C(n);0 = EZ»C;O;*, lim Ec(n)’y EC

n—00 n—00 n—00 v

Proof of Lemma[B.3 First note that ®, ®“#0 and ®°#7 are non-decreasing, see (Veraart,
2020, Lemma A.1). The statements follow directly from (Veraart} 2020, Theorem 2.6). O

Lemma B.4. Consider the market setting of Assumption[3.9. Let F be the fundamental defaults
in the non-compressed network and let F€ be the fundamental defaults in the compressed network
(see Definition . Then, F C D(L,b; V) and F¢ C D(LEH, b1, V).

Proof of Lemma[B.J]. Recall, that F = {i € N | Ei(o) < kL;} and F¢ = {i € N | ECO <
k‘[f’” }. We consider the sequences (E(™) and (E¢(")i7) defined in . Let i € F. Then, by
Lemma Vm e N EkL; > Ei(o) > g™ > limy, 0o Efn) = E7 and hence i € D(L,b; V). Simi-
larly, let i € FC. Then, by Lemma [B.3|¥m € N kLS* > E°C© i > EEUY > Yimy, o ESMY =
ESM7* and hence i € D(LE#, b7, V).

O

Proof of Lemmal[{.5 Recall that bic’” Y = b; for all i € N and from the definition of b7 it
follows immediately that bl-c’“ 0 < bic’“ 7 for all i € N and for all v € [0,1]. If i & Cyodes, then
one immediately sees that EZ.(O) = EZC (0);0 < EZ-C(O)W. If 4 € Chodes, then

JeN JEN

e S S SR /S A ~Li+pV

pred(z)i
JEN\{pred(i)} =¥ —
=Lji :Lpred(i)i_/J'V
= bg’“’o + Z Lj; — L; = El(o)
b JEN
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Now let v € [0, 1], then

EiC(O);'Y _ bicdﬁﬁ + Z L]Clgu _ EZ-C’” > biC,u,O + Z LJQZ;u _ Ef’“ _ EZ-C(O);O.
JEN JEN

Proof of Proposition[{.6 . To prove the first statement, let i € F€ \ Chodes- Then,

ES(O)W _ bf,u,v + Z L]C.i’”“ _EZC,M < kif’“ — Ei(O) — b + Z Lji — L; < kL;
=, NI L I JeN
i =Lij; =L; =L

and hence i € F. Let i € F€ N Cpodes. Then,

CO)y _ 1 Comyy C,p 7Cou 7Cu
E; = bi + E le. - L, <k L;
—b N JEN b v
=bi+ypJ —_— =L;—uV =L;—pV

:Zjej\/ Lji_,“‘V

4=bi+ »_ Lji — Li < kLi —kpV — yuJ
———

JEN =—p(kV+~.J)
<—b; + Z Lji — El < k:[:l —,u(k‘V + ’)/J) < kf/z
JEN <0

and hence i € F.
To prove the second statement, let ¢ € F \ FC. From the arguments used in part 1. it is
clear that i € Cyodes. Furthermore, since i ¢ F¢

CO)y _  3Conyy Cop FC.u FCop
E; = b + g Lﬂ - L, >k L;
M JEN g v
=bi+yuJ —_—— =L;—pV =L;—pV

=>jen Lji—nV

<—b; + Z L]’Z' — I_/Z > kl_/l —kuV —yud
~———

JeN =—u(kV+~J)

a=bi+ »_ Lji — Li > kLi —p(kV +.J)
: N———
JEN <0

Since ¢ € F, it holds that Ei(o) = bi+2je w Liji —L; < kL;. Combining these two inequalities
gives kL; > bi+D ien Lj;—L; > kL;—pu(kV 4~.J). For this to hold we need (kV +~.J) > 0. O

Proof of Theorem[{.7. 1. Assume that D(L,b; V) N Cpodes = 0. Then by Proposition [4.8] this
compression reduces systemic risk, which is a contradiction to it being harmful.

2. Suppose compression is harmful. This means that there exists a node v € N such that
v € D(LOH bC#7, V) and v € N\ D(L,b; V), i.e., node v defaults if compression is done
but does not default without compression. This in particular implies that v € MC = {i e
N | LE* > 0} and that ES*7™* < kLS < kL, < E%. Therefore Ey*7* < EZ. Then by
Proposition part 1. this implies that there exists an ¢ € Coqes satisfying

Ef’“ L;
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Hence, there exists an ¢ € Cpoges satisfying

Copsvix  7Cu x | T.
y (B L (B L

EiC,uw;*_i_Ef,u
7Cu
L;

which implies that V ( ) < 1 which implies that i € D(LEH, bC#7; V),

3. Assume that V = V#*°, By Proposition 26| we get that this compression reduces systemic

risk which is a contradiction to the assumption that it is harmful.
O

Proof of Proposition[{.8 The proof of this statement we consider a fixed point iteration as in
Veraart| (2020). We consider the three sequences (E(™), (E¢(™:0) and (E€(™):7) defined in .
By Lemma 4.5 we know that E- ¥ > ECO0 — £ for all i € A and for all v € [0,1]. We
will prove by induction that if {i € Cpodes | Ef < kL;} = 0 then

EC(”)W > Ef(")‘o = Ei(n) foralli e N (34)

)

holds for all n € Ny. Once this has been shown it follows that

ESY = lim ESTY > g9 — lim EC0 = tim B = B

n—oo n—oo n—oo t

for all © € NV which is the statement of the theorem.

By Lemma (EM), (E€M:0) and (EC(™7) are non-increasing. This implies that in
particular, EZ.(n) > limy, 00 Ei(m) = Ef for all i € M and for all n € Ny and hence for all n € Ny
it holds that EZ-(n) > Ef > kL; Vi€ Chodes and hence

{i € Cuoaes | E™ < KL} = 0. (35)
We now start our proof of by induction. Let n = 0. Since

0 7 C(0);0 T C(0); 7
E” =b+ > Lji—Ly, B =00 S o8 18, E{OY =60 N LG - IS,

1
JEN 7 JEN JEN

we are in exactly the same situation as in Lemma in which it was shown that indeed
ECO7 > gEO0 Z BO) for all i € N,

7 )
Suppose holds for a fixed n € Ng. We show that it also holds for n 4+ 1. Then, by the
definition of the sequences

(n) | 7
EY + L _
o e
. I
JEM
C(n)0 | 7Cpu
FEID0 _ G0 pemi0y — g0 S 1S BT+ Ly FCn
~——

v 7Cp v
—b, JEMCE Lj

EC(n);v _|_EC,M B
Ef(nJrl)W _ (I)ZCW(EC(TL);W) _ biC,/m + Z L?;“V( J = J ) . Lic’M'
jeMC J

First note that by the monotonicity of V, the definition of ¥, and the induction hypothesis
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that Ef(n);v > Eic(");0 for all - € N, we immediately see that

EC(nM 4+ LoH
EiC(nH); @C,V(EC( )ﬁ) _ bcvﬂ7 + Z LS “V( _ J ) _ JC#
jeMC

(E C(n);0 —i—LC’“

> om0 4 > LC’“V Fem
j

jeMC
_ EiC(n+1);0

> LC’“ (I)CO(EC(n)O)

holds for all 7 € N'. Hence, it remains to show that Ec(nH) Ei(nﬂ) for all i € NV.
Let ¢ € Chodes- Then,

C(n);0 | 7C.u
E + L —c
; J ) _ L Y
jGMC

7Cop
L;

C(n);0 | 7C.u
ECM0 4 G
J— C“LL,O C,,LL J J
A D DI 7 < [ ) (36)
jEMcv(jvi)ECedges

+

C(n);0 | 7C.u
Cony (Ej L
jeMcv(j:i)¢Cedges

=Lj;

Note that there exists at most one j € M with (j,4) € Cedges- As before we write pred(7)
for the predecessor of i on the cycle Cedges, i-e., pred(i) is the index of the node that satisfies
(pred(i), i) € Cedges-

We distinguish between two cases. First, suppose that pred(i) € MCE. Then,

C(n)0 | 7Cu C(n);0 | 7C.u
E; +L; + L

c, . pred (i) pred ()
Z L MV ( LC»”M > - (Lpred(i)fi - :U’V)V LC,,U,
jEMcv(jvi)Ecedges J pred(i)

. . . C(n); . n T
By the induction hypothesis Epr(ed)() E}grg d(i) and by it holds that E}(mz d(i) > kLpred(s)

since pred(i) € Chodes- By the definition of V this implies that

C(n);0 7C,1 (n) T
4 pred(2) + Lpred(i) — 1=V Epred(i) + LPTEd(i)
7Cop o L )
pred(i) pred ()
Hence,
(n);0 C,p
E; + L
cv
Z L MV <LC’1‘> = (Lpred(i)i - IU,V)
jeMcv(j7i)€Cedges j

C(n)0 | 7C.pu (37)
Bpreatn) T Lpred(s)
= Lpred(i)iV — uV.

Furthermore, since pred(i) ¢ M\ MC we obtain by Lemma part 2. that Lj; = 0 for all
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j € M\ M and hence

Q)
> LV <+L) =0. (38)

JEM\MC L

By plugging into we immediately obtain that

S AT
EECD0 3l Z LV <_ J > — Li+pV — Vv

7 Cv
jEMC Ly"
E(n) + chu B
= bf# 0 Z LV ( LC,H — L;  (by induction hypothesis)
jEMC

_ 1Cp,0 3 J J . J J
=m0 4 > Lﬂv< fa + > _ LyiV T
j J

JEMC BN >kL; J

(n) (n), -
E +L (1) E: +Lj
—”(Lj) ”’()
_Li

E™ 4L\
— G0 y J J ,
="+ Y LV (Q) - L

JEMC
EM™ + L, EMW L\ .
= bfvltvo + Z LV AR Z L;;V J__ L= Ei(n-i- )7
S~ : Lj . Lj
—b; JEM jEMA\MCE
=0 by

where (x) holds because if for an j € A it holds that E](n) < kI_/j then j € N\ Cpodes Since by

assumption no defaults occur on the compression cycle. Hence, L6 = Ej.
Second, suppose that pred(i) € M \ MC. Then, by Lemma part 2.

E( n) LCH
jeMC:(jyi)GCedges LJ

Furthermore, again from Lemma part 2. and using the assumption that no node on the
compression network cycle defaults we get

( E](-n)7+ [:j

J

(n) 7
Epred('i) + Lpred(i)

I:pred(i)

Z LV

) = Lpred(i)iV
JjEMA\MC

(40)

=1
= Lpred(i)i =uV,

where we used the fact that pred(i) € M\ MC.
By plugging into we obtain

E (”)O+LC7#>

C(n+1);0 _ ;C,u,0 Cw
E' = b + E L A%
' - €Ceq < L.?’M
edges

:bz jGMCa(jvi)

=0
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C(n)0 | FC.u
L + L _
+ E LjiV (U) - Li + /JV

C,p
jEMcv(jvi)gcedges LJ
( C(n) + [_,]Cf“

=bi+ Y LV

) — L; +pV  (since pred(i) € M\ M)

7Cu
jeMC L j
B 4 LS
=b; + Z L;;V ( LC m ) — L; + ¢V (by induction hypothesis)
jeEMC

(n) | 7Cu
E + L
= bl + E LﬂV (J _Z/Cvl‘ J >

jEMC EM >k,
E(")+L
i

(n) W
BV 4+ L _
§ : J J
+ sz‘v (IP’”) _Li + ,U,V
T, J

~~

= (ON;
= EYY4L;
(*)V( J Z,j J)

E()+E _
_b~|—ZLﬂV< J)—Lruﬂ/
jeEMC

=b; + Z%V( ) S LV <]LJ> LtV
]

JjEM JEMA\MCE J
=uV by
EM™ L\
=b; + Z LﬂV (J 7. ) [ L; = EZ-(n+1),
JEM J

(n)

where the same argument was used in (x) as before, namely that nodes with F J
be on the compression network cycle.
Let i ¢ Chodes- Then, using the induction hypothesis in the second line we get

< kij cannot

COr10 _ 400 c < Cmo +LC7M> —C

i C,u 1
—b~ JGMC Lj *LL ]
=0 ]z —L;
( ) o 7Cm
+ L _
_b+ZLﬂV< e >—LZ~
jeEMC J

EM 4 I¢
ST > v()

JEMC B >KL; J

E(”)+L
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EM™ 4 IS\

jeMC ]
B 4 EM 4 I,
7 (n+1)
=bi+ > LiV — > LV —L;=E,
JEM L FEM\ME L,

=0(by Lemm; part 2.)
using again the fact in (%) that nodes with E](.n)
cycle.
Hence, we have shown that indeed for all n € Ny and for all i € A/ Ef (n+Diy EZ.C("H);0 —
E(n+1)
(2

< kf/j cannot be on the compression network

which completes the induction. Hence, for all : € N/

ES = 1im ECMY > ES9%* = fim ECMC = lim E™ = B

From this it follows immediately that D(LCH, ¢+, V) C D(LEH, 56#0: V) C D(L,b; V). O

Proof of Proposition[{.9. We will prove part 1. first and will show that part 2. and part 3. are
essentially corollaries from part 1.

1. Suppose that condition is satisfied. We will prove now that compression can only
increase the re-evaluated equity. This proof uses similar arguments as in the proof of
Proposition Again we consider the sequences (E™) and (E€("?) defined in .

Using the same argument as in the proof of Proposition [4.§ we know from Lemma[B.3|that
limy, 00 EJ(.") = E7 and limy, 0 Ef(n);v = Ef’”m* exist for all j € A. Furthermore, (E(™)
and (EC(")?'Y) are decreasing sequences, i.e., they converge to their limits from above. In
particular, Ej(.n) > E7 and Ef(n)w > E]C-”“m* for all 7 € N and for all n € Ny and since V
is non-decreasing this implies that

C(n)yy | 7C.u Cowysx | 7Cu
E + L FE + L
J J J J .
J J

Combining this with we obtain that for all n € Ny

Vv T >V T >V 1. Vj € Crodes- (41)

We will prove by induction that for all n € Ny

ES™MT > e vie N, (42)

)

Once this has been shown it follows that Ef’“ T = limyy oo EZ-C(")W > Ef Vie N, which
is the statement of the proposition.
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For the start of the induction we consider n = 0. By Lemma we know that EZC O3y >
Ei(o) for all i € A and for all v € [0, 1]. Since (E(™) is converging to E* from above this
implies that Ef(om > Ei(o) > EF for all i € V.

Next assume that the statement holds for an n € Ny. We will show that it holds for
n + 1. We distinguish between two cases: Let i € N\ Cpodes- Then,

. ECM | fCm B
EiC(n-‘rl),’y _ cI)C(EC(n);'y)i — b§1M7’y 4 Z L%MV < J o J ) _ L(;vlt
b JEMC =Lj; Lj —L;
Cn)yy | 7Cou C(n)yy | 7C.u
ESUT 4 L€ ESM 4 G _
—}. . J J . J J )
=bi+ >  LiV ( pam ) + > L]ZV< =< ) —L
jeMCanodes -7 jeMc\Cnodes J
ZV(E}?;EJ-) by _ (ch(n);w+Lj>
J L
- o T
Er + Lj E + Lj _
> bi+l > LV <JE]- ) + > Ly V(J ” ) —L;
JEMcmcnodes ]EMC\Cnodes

Er+ L\
>bi+ Y LJN<L>_L¢

jEMC J
EY + L; + L
_b—l—ZLﬂV( ) > L,N( >
JEM JEMA\ME
:Ez’.k
+L;
- Y Lyv ( ) E}.
JjEM\MCE
=0

Note that Y5 ;c yvpme LiiV <E+L

for all j € M\ MC.
Let i € Cpodes- Then,

) = 0 since i € N\ Cpodes and by Lemma [B.2| Lj; =0

J

(n)y 4 7Cm
i) E{™ 4 L i}
o (TR o S A (Lc,u ) — L

>p  JEMS J —Li—pV
Ej Cn)y | pCm
) Cﬁu J
sne > s (B
jGMCanodcs ]
EV(%J;LJ) by
C(n)yy C,p
FE + L _
ros o v(BE) new
jEMC\Cnodes -7




B+ I
>bit+ Y LCW(L-)

jEMcﬂcnodeb J
Cn)yy | 7
B + L _
+ Y L Y (JLJ> —Li+uV
jEMC\Cnodes L. J
=Lj;

EX+L;
ZV(%) by ind. hyp. andV nondecreasing
J

Ef +L;
S Lf-fv(z])
J

JEMENChodes \{pred(i)} .

E;red( ) + Epred(i)

+(erii_:uV)V I red MCE
pred(s) Lo {pred(i)eMC}

EX+L; _
+ Z LV <ij> —Li +pV
jEMC\Cnodes J

=: (%x)

Let pred(i) € MC. Then,

)=bi+ > LjV

Z _ E* ; +I_/ red (2
) Li‘f‘,U«V(l—V( pred(?) © 7P d“))
eme Liprea(i)

E
E*—’_L' T E*re i+f’rdi
J

/\

jeEM Lireags)
EX+ L
-y () s
jeEM\MC J
=0 since pred(i)eMC
Let pred(i) € M\ MC. Then,
Ex+ L
(o) =bi+ > Lﬂv< = 9) —Li+pV
jeMCE J
Er+L; L
_bl—i-ZLﬂV(]L ) Li— > LJZV< )wv
JEM J FEM\ME
E* E* V. +L_ qi
[ _ predﬁ(z) pred (i)
" VV( Lpred(i) )
E*r ) + E dli
v 1oy | Cered@ TR0 ) ) g
Lpred(i)

N~

>0

Hence, this completes the induction and the result follows.
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2. Suppose that holds. Then by the definition of V we immediately get that
EC#;V;* EC».“ E* L
1=V % > \% (Z:’—Z) Vi € Cnodes-
Hence, the result follows with part 1. of this Proposition.

EC7M?”{§*+Z51H

3. Suppose that holds, then V < =

> =1 Vi € Chodes and hence the statement
follows directly from part 2. of this Proposition since condition is satisfied.

O]

Proof of Proposition [{.10 Let i € Cyodes- Hence, L; > 0 and I_/f’“ = L;—p. Let j =suc(i) e N
and first suppose that EZ«C’“ > 0. Then,
C,u
HC,M o HC’M _ isuc(i) Lisuc(i) —H < Lisuc(i)
ij T “hisuc(d) EC,/L L — - L.
i 7 14 1

since

<:}Lisuc(i)ffi - ,uffz < Lisuc(i)f’i - Lisuc(i):u < 0< M(LZ - Lisuc(i))

Lisuc(i) —H < Lz‘suc(i)

Li—p = L
is always satisfied. Second, suppose that EZC’“ = 0. Then, chsff @iy =0 @ = Migue(s)- Now
LS+ .
let j € N\ {suc(i)}. Then, HZ-C]-’“ =t = ij = II,;.
Let i@ € N\ Cnodes and j € N. Then, I_LZ.C’“ = L;. If L; > 0, then [_/ic’“ =L, > 0 and
C,n _ _ _
nér = gg{u = M — 05 and if L; = 0, then L = L; = 0 and I = 0 = 11,5, 0

2

We will use the following Lemma to prove Theorem [4.11

Lemma B.5. Let EC™0 EM™ LS L e R, EC™O > E™ L9 < L, and k > 0. Then,

C(n);0 FC,u (n) 7.
yEero B LT _ Li =1, coyos,rem 21 oy, 7y = V¥ B th - 43)
LC’M {B YT 2RL) Y = B 2kLi} L;

7

Proof of Lemma[B.5. Note that kL; > kLS*. Suppose I

Lpsary
fore ]I{Ef(");ozkif’“} =0= H{Ei(n)Zk!ii}'
Proof of Proposition [{.11. We proceed similarly as in the proof of Proposition We consider

two sequences (E() and (E(™7) defined in (33)) but now assume that V = V7o,
We will prove by induction that

{EC(n);O>ng,u} = 1. Then, 1 >

= 0. Then, Ei(") < Ef(n);o < kif’“ < kL; and there-
O

Suppose H{Ef(n);osz,u}

ECMY > B for alli e M (44)

3 K3

holds for all n € Ny. Once this has been shown it follows that Eic’“ T = limy, o EZC (n)sy >

lim,,— o0 Ei(n) = Ef for all i € N which is the statement of the theorem.
Let n = 0. Then the result follows directly from Lemma 4.5
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We now assume that holds true for an n € N. We show that is true for n + 1.
Consider

), f

EM L\

B = 0, (B™) =0, + Y Ljveer (ﬂ _ ]> — L,

4 I,
JEM

C(nt1) c c c E; . Lo c

n 5 5 C WMy 3 Zer TG,

E; T = G (ECM) b‘“’—i—E:L”VeO(Lauﬂ)_Li/{
jeEMC J

By the induction hypothesis EiC(n)w > Ei(n) for all i € A/ and hence

Cn)yy | 7Cu (n)
yEere 4EZ — + LZ =1 C(n);y FC,u >1 (n) e E ks L
Licwu {E; 2kL"y = {E;Y >kLi} L;

(2

by Lemma (B.5)). Hence,

C(n)yy | 7C.mu
("+1) bC7N7 + Z LC,#Vzero (E + L ) _ Ef#

7Cop
jeEMC Lj
_ Gy C,p 7Cop
= bi + Z sz' ]I{Ef(")wzkif‘“} — Li
>b; jEN
>bi+ Y L' oIS = (%)
(B >kL;) :

jeN

where we used to derive the inequality. If i & Cpoqes, then

T ZEero Ej(n) + Ej T (n+1)
(%) = b, +ZLJI]1EW>RL} Li  =bi+ Y LV — | -Li=E"".
jeN jeEM J

If i € Cphodes, then

() =bi+ > Liil i,y + (Lpreayi = £V g pp oy~ Li—pV)

JEN\{pred(s)} pred(i)
=b; + J%;/Lﬂl E(n)>k_L 3 — L+ uVi(1l— {E}()?(Zd(z)>kLpred(z)})
ZO
Z€ero Ej(n) + Ej T (n+1)
> b; +ZL32H{E")>kL} L—b—i—ZLﬂV — —L;=E '
_]G./\/ jEM J

Hence, EZ-C(HH) > Ei(nH) for all ¢ € N/ which completes the induction.

To see that indeed systemic risk is reduced by compression here, we use the results of the
first part, namely Eic’“m* > E7 for all i € N. Suppose D(LEH, bCH7; V2er0) o£ () otherwise
there is nothing to show. Let i € D(LCH, bCH7; V7). Then, EZ-C’“;'Y;* < kif’“ and hence
Ef < ESM7* < kL9 < kL;. This implies that i € D(L, b; V%), Hence,

D(LEOH W7, y70) = {i e N | ECM7* < KIS} C {i € N'| Ef < kL;} = D(L, b; V*°).
0

Proof of Proposition[4.13 Suppose condition 1. i.e., formula is satisfied, i.e., D(L,b; V) N
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nodes rodes = 0. Then, by Proposition com-
pressing C(V reduces systemic risk. In particular, D(Lc(l),bc(l);V) C D(L,b; V). Combining
this results with implies that D(Lc(l),me;V) N Cr(f))des = (). Then, applying Proposition
to the system D(Lc(l),bc(l);V) by compressing cycle C?) yields D(Lc(l)’c(z),bCU)’C@);V) -

D(LC<1> , bc(l);V). By repeating these arguments, we obtain that

Call — @ Then7 in particular D(L7b7V) N C(l)

1) (m) (1) (m) 1) (m—1) (1) (m—1)
D(LC beesC 7bC eesC ;V)QD(LC e C ,bC e V)

)

c...cDIL 5", v) C D(L,b; V)

and hence indeed compressing sequentially ¢, ...,c™ reduces systemic risk.
Suppose the second condition, i.e., holds, then Proposition yields the statement. If
the third condition, i.e., V = V2 holds, the statement follows from Proposition
O

Proof of Corollary[{.13 1. This statement and its proof is given in (D’Errico & Roukny,
2019, Section 12)).

2. This statement follows directly from Proposition [£.12] by using the sequence of cycles to
obtain X that is guaranteed to exist from part 1. of this Corollary.

3. The algorithm developed in (D’Errico & Roukny, |2019, Section 12)) to determine the
sequence of cycles CV), ..., C(™ can still be used if a lower bound a;; > 0 is introduced.
The results derived in Proposition hold for all possible compression volumes and not
just for the original p** ¢ € {1,...,m}. Hence, in line with Remark the results
remain valid for the case of a lower bound that is not necessarily 0.

O]
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