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1 Introduction

Bootstrap percolation was introduced by Chalupa, Leath and Reich [6]
during the 1970’s in the context of magnetic disordered systems and has
been re-discovered since then by several authors mainly due to its con-
nections with various physical models. A bootstrap percolation process
with activation threshold an integer r ≥ 2 on a graph G = G(V, E)
is a deterministic process which evolves in rounds. Every vertex has
two states: it is either infected or uninfected. Initially, there is a subset
A0 ⊆ V which consists of infected vertices, whereas every other vertex
is uninfected. Subsequently, in each round, if an uninfected vertex has at
least r of its neighbours infected, then it also becomes infected and re-
mains so forever. This is repeated until no more vertices become infected.
We denote the final infected set by A f . Our general assumption will be
that the initial set of infected vertices A0 is chosen randomly among all
subsets of vertices of a certain size.
These processes have been studied on a variety of graphs, such as trees,

grids, hypercubes, as well as on several distributions of random graphs.
A short survey regarding applications of bootstrap percolation processes
can be found in [1].
During the last decade, there has been significant experimental evi-

dence on the structural characteristics of networks that arise in applica-
tions such as the Internet, the World Wide Web as well as social networks
or even biological networks. One of the fundamental features is their
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degree distribution, which is most cases appears to follow a power law
with exponent between 2 and 3 (see for example the article of Albert and
Barabási [2]). The theme of this contribution is the study of the evolution
of bootstrap percolation processes on random graphs which exhibit this
characteristic. We show that this boosts the evolution of the process, re-
sulting in large infected sets starting from a small set of infected vertices.

2 Models and results

The random graph model that we consider is asymptotically equivalent
to a model considered by Chung and Lu [7], and is a special case of
the so-called inhomogeneous random graph, which was introduced by
Söderberg [9] and was studied in detail by Bollobás, Janson and Riordan
in [5].

2.1 Inhomogeneous random graphs – The Chung-Lu model

In order to define the model we consider for any n ∈ N the vertex
set [n] := {1, . . . , n}. Each vertex i is assigned a positive weight wi(n),
and we will write w = w(n) = (w1(n), . . . , wn(n)). We assume in the
remainder that the weights are deterministic, and we will suppress the de-
pendence on n, whenever this is obvious from the context. However, note
that the weights could be random variables; we will not consider this case
here, although it is very likely that under suitable technical assumptions
our results generalize to this case as well. For any S ⊆ [n], set

WS(w) :=
∑
i∈S
wi .

In our random graph model, the event of including the edge {i, j} in the
resulting graph is independent of the events of including all other edges,
and its probability equals

pi j (w) = min
{
wiw j

W[n](w)
, 1

}
. (2.1)

We will refer to this model as the Chung-Lu model, and we shall write
CL(w) for a random graph in which each possible edge {i, j} is included
independently with probability as in (2.1).

2.2 Power-law degree distributions

Following van der Hofstad [10], we write for any n ∈ N and any sequence
of weights w = (w1(n), . . . , wn(n))

Fn(x) = n−1
n∑
i=1
1[wi(n) < x], ∀x ∈ [0,∞)
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for the empirical distribution function of the weight of a vertex chosen
uniformly at random. We will assume that Fn satisfies the following two
conditions.

Definition 2.1. We say that (Fn)n≥1 is regular, if it has the following two
properties.

• [Weak convergence of weight] There is a distribution function
F : [0,∞) → [0, 1] such that for all x at which F is continuous
limn→∞ Fn(x) = F(x);

• [Convergence of average weight] Let Wn be a random variable with
distribution function Fn , and let WF be a random variable with distri-
bution function F . Then we have limn→∞ E[Wn] = E[WF ].

The regularity of (Fn)n≥1 guarantees two important properties. Firstly,
the weight of a random vertex is approximately distributed as a random
variable that follows a certain distribution. Secondly, this variable has
finite mean and therefore the resulting graph has bounded average degree.
Apart from regularity, our focus will be on weight sequences that give rise
to power-law degree distributions.

Definition 2.2. We say that a regular sequence (Fn)n≥1 is of power law
with exponent β, if there are 0 < γ1 < γ2, x0 > 0 and 0 < ζ ≤ 1/(β − 1)
such that for all x0 ≤ x ≤ nζ

γ1x
−β+1 ≤ 1− Fn(x) ≤ γ2x−β+1,

and Fn(x) = 0 for x < x0, but Fn(x) = 1 for x > nζ .

We consider the random graph CL(w) where the weight sequence
w = w(n) gives rise to a regular sequence of empirical distribution func-
tions that are of power law with exponent β. We assume that a random
set of a(n) vertices is initially infected. We say that an event occurs
asymptotically almost surely (a.a.s.), if it occurs with probability→ 1 as
n →∞, in the product space of the random graph and the choice of the
initially infected vertices.

2.3 Results

We determine explicitly a critical function which we denote by ac(n) such
that when we infect randomly a(n) vertices in [n], then the following
threshold phenomenon occurs. If a(n) ) ac(n), then a.a.s. the infection
spreads no further thanA0, but when a(n)� ac(n), then a linear number
of vertices become eventually infected. We remark that ac(n) = o(n).
We define the function ψr (x) for x ≥ 0 to be equal to the probability
that a Poisson-distributed random variable with parameter x is at least r .
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Also, for a random variable X with finite expected value and distribu-
tion function F , we (informally) say that X∗ follows the F-size-biased
distribution function, if the distribution of X∗ is weighted by the value
of X .

Theorem 2.3. For any β ∈ (2, 3) and any integer r ≥ 2, we let ac(n) =
n
r(1−ζ )+ζ(β−1)−1

r for all n ∈ N. Let a : N → N be a function such that
a(n) → ∞, as n → ∞, but a(n) = o(n). Let also ζ ≤ 1

β−1 . If we ini-
tially infect uniformly at random a(n) vertices in [n], then the following
holds:

• if a(n)) ac(n), then a.a.s. A f = A0;
• if a(n)� ac(n) and also

r−1
2r−β+1 < ζ ≤ 1

β−1 , then

|A f |
n

p→ E
[
ψr (U ŷ)

]
, as n→∞,

where U is a random variable with F as its distribution function and
ŷ is the smallest positive solution of

y = E [ψr (Wy)] ,

with W being a random variable whose law follows the F-size-biased
distribution function.

When 0 < ζ ≤ r−1
2r−β+1 the second part of the above statement holds with

a+c (n) = n1−ζ
r−β+2
r−1 instead of ac(n).

Note that the above theorem implies that when the maximum weight
of the sequence is n1/(β−1), then the threshold function becomes equal to
n
β−2
β−1 and does not depend on r .
This result is in sharp contrast with the behaviour of the bootstrap per-

colation process in G(n, p) random graphs, where every edge on a set of
n vertices is included independently with probability p. Recently, Jan-
son, �Luczak, Turova and Vallier [8] (see Theorem 5.2 there) showed that
when p = d/n, with d > 0 fixed, if |A0| = o(n), then typically no evo-
lution occurs. In other words, the density of the initially infected vertices
must be positive in order for the density of infected vertices to grow. We
note that similar behavior to the case of G(n, p) has been observed in
the case of random regular graphs [4], and in random graphs with given
vertex degrees constructed through the configuration model, studied by
the first author in [3], when the sum of the square of degrees scales lin-
early with n, the size of the graph. The later case includes random graphs
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with power-law degree sequence with exponent β > 3. Our results imply
that the two regimes 2 < β < 3 and β > 3 have completely different
behaviors.
The next theorem complements the above theorem, as it gives a law

of large numbers for the size A f when a positive fraction of vertices are
initially infected.

Theorem 2.4. Let 2 < β < 3 and r ≥ 2. If a(n) = pn, where p ∈ (0, 1)
is fixed, then

|A f |
n

p→ (1− p)E
[
ψr (U ŷ)

]+ p, as n→∞,

where U is a random variable having F as its distribution function with
ŷ being the smallest positive solution of

y = (1− p)E [ψr (Wy)]+ p

and W is a random variable whose law follows the F-size-biased distri-
bution function.
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[2] R. ALBERT and A. BARABÁSI, Statistical mechanics of complex
networks, Reviews of Modern Physics 74 (1) (2002), 47–97.

[3] H. AMINI, Bootstrap percolation and diffusion in random graphs
with given vertex degrees, Electronic Journal of Combinatorics 17
(2010), R25.

[4] J. BALOGH and B. G. PITTEL, Bootstrap percolation on the ran-
dom regular graph, Random Structures & Algorithms 30 (1-2)
(2007), 257–286.
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[9] B. SÖDERBERG, General formalism for inhomogeneous random
graphs, Physical Review E 66 (2002), 066121.

[10] R. VAN DER HOFSTAD, “Random Graphs and Complex Networks”
2011, Book in preparation,
www.win.tue.nl/rhofstad/NotesRGCN2011.pdf.


	Discontinuous bootstrap percolation in power-law random graphs
	1 Introduction
	2 Models and results
	2.1 Inhomogeneous random graphs – The Chung-Lu model
	2.2 Power-law degree distributions
	2.3 Results
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




