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Collective chemotactic dynamics in the presence of self-generated fluid flows Enkeleida Lushi,1,2,* Raymond E. Goldstein,3 and Michael J. Shelley1 1



Courant Institute of Mathematical Sciences, New York University, New York 10012, USA 2 Department of Mathematics, Imperial College London, London SW7 2AZ, United Kingdom 3 Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge CB3 0WA, United Kingdom (Received 22 December 2011; published 22 October 2012) In microswimmer suspensions locomotion necessarily generates fluid motion, and it is known that such flows can lead to collective behavior from unbiased swimming. We examine the complementary problem of how chemotaxis is affected by self-generated flows. A kinetic theory coupling run-and-tumble chemotaxis to the flows of collective swimming shows separate branches of chemotactic and hydrodynamic instabilities for isotropic suspensions, the first driving aggregation, the second producing increased orientational order in suspensions of “pushers” and maximal disorder in suspensions of “pullers.” Nonlinear simulations show that hydrodynamic interactions can limit and modify chemotactically driven aggregation dynamics. In puller suspensions the dynamics form aggregates that are mutually repelling due to the nontrivial flows. In pusher suspensions chemotactic aggregation can lead to destabilizing flows that fragment the regions of aggregation. DOI: 10.1103/PhysRevE.86.040902



PACS number(s): 87.17.Jj, 05.20.Dd, 47.63.Gd, 87.18.Hf



A growing body of experimental work has established that suspensions of motile microorganisms can develop complex large-scale patterns of collective swimming at sufficiently high concentration [1,2]. This behavior generally occurs in the absence of directional cues for swimming, purely as a consequence of steric and hydrodynamic interactions between the cells. Yet, there are many circumstances in which cells exhibit chemotaxis, directed motion in response to chemical gradients, and this process by itself can lead to complex spatiotemporal pattern formation [3]. As swimmer-generated flows may also advect any chemoattractant field, it is natural then to ask how self-generated fluid flows in suspensions of microorganisms affect modes of communication [4] and aggregation. Here we present an analysis of this issue and suggest potential realizations of this pattern-forming system. Chemotactic focusing of cell concentration has been studied using the classical Keller-Segel (KS) model [5] and in theories incorporating the run-and-tumble (RT) [6] dynamics of bacterial motion [7,8]. We extend a well-known kinetic model for modulated RT dynamics to include flows produced by the active stresses due to swimming. A simpler version of our model is considered in Ref. [7] to study swimmer transport and rotation in a given background shear flow. Without RT dynamics, our model reduces to one for active suspensions [9] which captures the large-scale flows seen in experiments [1,10] and illuminates the effect of propulsion mechanism (pusher versus puller) on large-scale dynamics and stability. When swimmers produce a chemoattractant leading to aggregation, the self-generated flows can have a large effect; pushers create complex flows that can bound growth in organism density, while pullers show limited pattern coarsening and isolated aggregates repelling due to nontrivial flows. Merging the RT and active suspension models is seamless as both are kinetic theories with conformation variables the particle position and orientation [11]. Consider a suspension of swimmers at local concentration (x,t), each of which moves at a constant speed U in a run-



*



and-tumble dynamics. They move in a fluid of local velocity u(x,t) and produce a chemoattractant of concentration C(x,t) and molecular diffusivity DC . We choose rescalings based on the swimmer contribution to the fluid stress tensor (below), with a characteristic length  = l/φ, where l is the swimmer size and φ ≡ l 3  is the effective mean volume fraction in suspension. Scaling time by /U , C evolves as Ct + u · ∇C = Pe−1 ∇ 2 C − β1 C + β2 ,



where β1 and β2 are rate constants for chemoattractant self-degradation and production, and the P´eclet number Pe = U /DC measures the strength of diffusion to advection on the intrinsic scale . Collective swimming may generate coherence on larger scales with higher speeds, increasing the importance of advection. Without advection this is the KS model [5]. In the case of E. coli [12] gives U ∼ 25 μm/s, l ∼ 5 μm, φ ∼ 0.1 at a cell concentration of 109 cm−3 , so  ∼ 50 μm. With DC ∼ 5 × 10−6 cm2 /s we obtain Pe  2.5, β1  0.008, and β2  0.004. For faster-swimming organisms, such as marine bacteria [13], this intrinsic P´eclet number can reach O(10–20). The configuration of swimmers is given by a distribution function (x,p,t) of the center of mass position x and orientation p satisfying the Fokker-Planck equation    1   t = − λ(Dt C) − dp λ(Dt C)(x,p ,t) 4π ˙ (2) − ∇ x · ( x˙ ) − ∇ p · ( p), where the local swimmer concentration is (x,t) =  dp(x,p,t). The bracketed term in (2) describes the effect of RT chemotaxis based on a swimming dynamics of straight runs and modulated reorientations (tumbles) where λ(Dt C) is a tumbling frequency, the probability of a bacterial tumble event as a function of the chemoattractant temporal gradient Dt C = Ct + (p + u) · ∇C along a swimmer’s path. Experiments [14] show that when Dt C > 0 the tumbling frequency is reduced, and is otherwise constant, as captured by the biphasic form λ(Dt C) = λ0 max[min(1 − χ Dt C,1),0], a linearized version of an earlier model [8,12]. The fluxes in Eq. (2) are x˙ = p + u,
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The particle velocity x˙ includes swimming at constant speed (nondimensionalized to unity) in the axis direction p (|p| = 1), translation by the fluid velocity u. (In the KS model [5], swimmer speed is linear in the chemical gradient.) The angular velocity p˙ follows Jeffrey’s equation [15] where E = (∇ x u + ∇ x uT )/2 is the rate-of-strain tensor, and W = (∇ x u − ∇ x uT )/2 is the vorticity tensor. For rodlike swimmers, the shape factor is γ ∼ 1. The fluid velocity u(x,t) produced by the suspension satisfies the Stokes equations driven by an “active” stress  a arising from particle locomotion: −∇x2 u + ∇ x q = ∇ x ·  a , ∇ x · u = 0,  a  (x,t) = α dp(x,p,t)pp.



(4) (5)



The active stress is an orientational average of the force dipoles αpp the cells exert on the fluid [9], where α is an O(1) constant by our rescaling. A cell that self-propels by front actuation (a puller) has stresslet strength α > 0, and a rear-actuated cell (pusher) has α < 0. The case of “neutral” cells (α = u = 0) is the closest this model approaches the KS [5] and RT models [8,12]. We first illustrate the effect hydrodynamics has on aggregation. From nonlinear simulations of Eqs. (1)–(6), Fig. 1 shows  the swimmer concentration (x,t) and mean orientation n = dp/ at late times, having started near uniform isotropy, for neutral, puller, and pusher suspensions. All share a dominant self-aggregation instability, but differing (or no) hydrodynamic interactions. Neutral swimmers show aggregation and pattern coarsening. Pullers show limited aggregation into circular spots kept apart by nontrivial fluid



flows. Pushers create complex fluid flows and fragmented aggregation regions. These behaviors can be understood through a stability analysis of uniform isotropic suspensions. For simplicity, consider rodlike (γ = 1) swimmers and a quasistatic chemoattractant field Pe−1 ∇ 2 C − β1 C = −β2 , which slaves C to . The tumbling frequency is simplified to λ(p) = λ0 (1 − χ p · ∇C). A steady state is 0 = 1/4π ( = 1), u = 0, and C0 = β1 /β2 . ˜ ˜ Perturbations of the form ((p,k), C(k)) exp(ik · x + σ t) yield   ˆ · p) ( k λ ikχβ 0 2 ˜ = ˜ +1  (σ + λ0 + ik · p) 4π β1 + k 2 Pe−1 3α ˆ ˆ  ˜ p k, (6) (k · p)p · (I − kˆ k) 4π   ˆ Since  ˜ = dp  ˜  and k = k k. ˜  p p , ˜ p = dp  where  ˜ this is a linear eigenvalue problem for  and σ . The first term on the right-hand side (RHS) is chemotactic (C) and has unstable dynamics restricted to the zeroth azimuthal mode on |p| = 1. The second is hydrodynamic (H), with unstable dynamics restricted to the first azimuthal mode. This yields uncoupled relations for growth rates σC,H ,     1 aC − 1 2 aC − 1 − , = R 2 + aC log log λ0 aC + 1 ik aC + 1   



4k aH − 1 4 , (7) = 2aH3 − aH + aH4 − aH2 log 3iα 3 aH + 1 −



where aC,H = (σC,H + λ0 )/ ik and R = χβ2 /(β1 + k 2 /Pe). We refer to these as the chemotactic and hydrodynamic relations, respectively. The first induces growth in concentration fluctuations, while the second increases orientational



FIG. 1. (Color online) Chemotactic suspensions at large times, t = 3000. Swimmer concentration  (top) and mean direction n (bottom) for (i) chemotactic neutral swimmers (u = 0), and (ii)  (top), fluid streamlines and velocity field u (bottom) for chemotactic pullers. (iii), (iv)  (top), streamlines and u (bottom) for chemotactic pushers. Parameters β1 = β2 = 0.25, Pe = 20, γ = 1, DT = DR = 0.025. Parameters λ0 and χ are indicated in Figs. 2(c) and 2(d) for cases (i)–(iii) and are λ0 = 5,χ = 0.6 for case (iv). See Supplemental Material [16] for movies of swimmer concentration dynamics. 040902-2
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FIG. 2. (Color online) Linear stability analysis. (a) Branches of the hydrodynamic instability, with and without tumbling, for pushers. (b) Chemotactic branch for χ = 35, λ0 = 0.25, β1 = β2 = 1/4, and Pe = 20. Regimes diagram for (c) neutral swimmers and pullers, and (d) pushers. Solid curves give linear stability boundaries for long waves. Dashed lines show shifted boundaries in nonlinear simulations at finite box size. Encircled labels (i)–(iii) denote parameters used in simulations [Figs. 1(a)–1(c)].



order. The two are coupled only through the basal tumbling rate λ0 which in the hydrodynamic relation only shifts the growth rate. Further, the chemotactic instability gives rise ˜ p = kˆ kˆ − kˆ ⊥ kˆ ⊥ , while the to normal stresses of the form  hydrodynamic instability gives shear stresses of the form ˆ ˜ p = kˆ kˆ ⊥ + kˆ ⊥ k.  For pushers (α < 0) the hydrodynamic instability has a finite bandwidth [Fig. 2(a)], though with maximal growth rates at k = 0. Tumbling shifts down the Re[σH (k)] branch by λ0 for all k, further stabilizing the system. Long-wave asymptotics of Eq. (7) give two solution branches: σH 1  −α/5 − λ0 + 15/7αk 2 and σH 2  −λ0 + O(−αk 2 ). There is no hydrodynamic instability for pullers [9]. Figure 2(b) shows the chemotactic growth rate. Small k asymptotics yields σC ≈ k 2 /(3λ0 )[(χβ2 /β1 )λ0 − 1]: For (χβ2 /β1 ) > 1/λ0 there are wave numbers with Re[σC (k)] > 0, shown in one case as a finite band of unstable modes whose width is controlled by chemoattractant diffusion. From Fig. 2(a), we can obtain a range for λ0 for which there is a hydrodynamic instability in pusher suspensions. Heuristically, λ0 sets an effective rotational diffusivity, and λ0  0.2 turns off the hydrodynamic instability for any system size. For L = 50 and the diffusion constants used in simulations, λ0  0.09, suffices. This information is assembled in Figs. 2(c) and 2(d) as phase diagrams that relate the parameters to various dynamical regimes. Numerical studies of the full nonlinear dynamics (1)–(5) were done in two dimensions (2D), with a box size L = 50 large enough to include several unstable linear modes. Swimmer translational and rotational diffusions are added in the model to control the growth of steep gradients over long times. An initial random perturbation of the uniform isotropic state is used: (x,p,0) = 1/2π + i i cos(ki · x + ξi )Qi (pi ) with random coefficients | i | < 0.01, ξi an arbitrary phase, and Qi a low-order polynomial. The initial chemoattractant concentration is uniform with C(x,0) = β1 /β2 = 1. Figure 1 shows long-time swimmer concentration  for four illustrative cases. In each case, concentration C closely tracks . Cases (i)–(iii) share the same chemotactic instability, but differ in swimming actuation: α = 0,1,−1. The expected regimes of these three cases are shown in Figs. 2(c) and 2(d). For neutral swimmers, aggregation



dominates and the dynamics is typified by the formation of a few regions of steadily increasing concentration that slowly coarsen [Fig. 1(a)]. The maximum swimmer concentration (Fig. 3) shows little sign of the rapid self-focussing associated with finite-time chemotactic collapse [17] of the KS model, which here may be due to the fixed swimming speed [18]. While the initial aggregation for pullers [Fig. 1(b)] is similar to that for neutral swimmers (Fig. 3), its long-time behavior is very different. Concentration growth and coarsening cease as the dynamics enters a near steady state with circular regions of high concentration. Active-stress-driven flows suppress further coarsening by pushing nearby peaks apart and apparently maintain the few remaining high concentration regions. For pushers [Fig. 1(c)], linear theory gives only a chemotactic instability, and the dynamics is indeed initially dominated by aggregation as is evidenced by the early rapid growth of normal stresses relative to shear stresses (not shown). However, aggregation into a regions with high swimmer concentration creates a destabilizing active stress, giving rise to unsteady fluid flows. These flows fragment the peaks while pushing them around the domain. The dynamics is one of constant aggregation and flow instability, which apparently suppresses further growth in swimmer concentration (Fig. 3). Lastly, we examine in Fig. 1(iv) the dynamics that arises with parameters close to those measured by Saragosti et al. [12] (before our rescaling) in their experiments of E. coli chemotaxis. These parameters lie far to the right of the aggregation regime of Fig. 2(d) as λ0 is 20 times higher



FIG. 3. (Color online) Measures of growth: Maximum swimmer concentration for cases (i)–(iii) in Fig. 1.
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than at the predicted threshold for suppressing hydrodynamic instabilities. Not surprisingly, the simulations show chemotactic aggregation into very high peaks. Once the swimmer concentration in those peaks is large enough, the active stresses give rise to small-scale and localized fluid flows [cf. Fig. 1(iii)]. These local flows do appear to be implicated in the slow “wriggling” we observe of the saturated aggregates (see Supplemental Material [16]). The experiments of Saragosti et al. [12], which are performed in confined microchannels and capillaries, show instead the development of traveling concentration waves of chemotactic bacteria. These traveling waves were initiated in the experiments through an initial concentration by centrifugation of the swimmer population to one end of the channel. We do not observe the spontaneous formation of such traveling waves here though ours is an open system (though confined geometrically by the assumed periodicity length) and the initial swimmer state is unoriented and nearly homogeneous. The combined effects of a confining geometry and the initial concentration of swimmers has yet to be examined in our theoretical system. We have shown that the intrinsically generated fluid flows arising from collective swimming of microorganisms can modify patterns of chemotactic aggregation and, most importantly, can limit aggregate concentration. This is unlike chemotactic models that predict concentration blowup or include artificial terms to cap growth. While we have



emphasized hydrodynamic effects in attractive chemotactic dynamics, it is important to remember that ours is a dilute to semidilute theory that does not capture near interactions between swimmers, hydrodynamic or otherwise. In denser suspensions swimmer size limits local swimmer density through steric interactions though well-founded models that combine these with hydrodynamic interactions have not yet been developed. Nonetheless, we expect similar results when large-scale coherence is driven by steric effects [10,19]. On that note, steric effects with no hydrodynamics may also limit aggregation of chemotactic random walkers [20]. Finally, these autochemotactic effects can be seen as complementary to the enhanced mixing by swimmers [11] that has also been explored for microfluidic applications [21]. Systematic studies of the interplay between chemotaxis and locomotion-generated fluid flow should be possible through controlled introduction of exogeneous chemoattractants to trigger aggregation, through the interplay of quorum sensing and chemotaxis [22], and perhaps by specific genetic engineering of the dynamics of locomotion and chemosensing [23].



[1] C. Dombrowski, L. Cisneros, S. Chatkaew, R. E. Goldstein, and J. O. Kessler, Phys. Rev. Lett. 93, 098103 (2004); L. H. Cisneros, R. Cortez, C. Dombrowski, R. E. Goldstein, and J. O. Kessler, Exp. Fluids 43, 737 (2007). [2] S. Ramaswamy, Annu. Rev. Condens. Matter Phys. 1, 323 (2010). [3] E. O. Budrene and H. C. Berg, Nature (London) 349, 630 (1991). [4] B. L. Bassler, Cell 109, 421 (2002). [5] E. F. Keller and L. A. Segel, J. Theor. Biol. 30, 225 (1971). [6] H. C. Berg, Random Walks in Biology (Princeton University Press, Princeton, NJ, 1993). [7] R. N. Bearon and T. J. Pedley, Bull. Math. Biol. 62, 775 (2000). [8] K. C. Chen, R. M. Ford, and P. T. Cummings, J. Math. Biol. 47, 518 (2003). [9] D. Saintillan and M. J. Shelley, Phys. Rev. Lett. 100, 178103 (2008); Phys. Fluids 20, 123304 (2008). [10] L. H. Cisneros, J. O. Kessler, S. Ganguly, and R. E. Goldstein, Phys. Rev. E 83, 061907 (2011). [11] E. Lushi, Ph.D. dissertation, New York University, 2011. [12] J. Saragosti, V. Calvez, N. Bournaveas, B. Perthame, A. Buguin, and P. Silberzan, Proc. Natl. Acad. Sci. USA 108, 16235 (2011).



[13] R. Stocker, J. R. Seymour, A. Samadani, D. E. Hunt, and M. F. Polz, Proc. Natl. Acad. Sci. USA 105, 4209 (2008). [14] R. M. Macnab and D. E. Koshland, Proc. Natl. Acad. Sci. USA 69, 2509 (1972); N. Mittal, E. O. Budrene, M. P. Brenner, and A. van Oudenaarden, ibid. 100, 13259 (2003). [15] G. B. Jeffery, Proc. R. Soc. London, Ser. A 102, 161 (1922). [16] See Supplemental Material at http://link.aps.org/supplemental/ 10.1103/PhysRevE.86.040902 for movies of the swimmer concentration. [17] S. Childress and J. K. Percus, Math. Biosci. 56, 217 (1981). [18] M. J. Schnitzer, S. M. Block, H. C. Berg, and E. M. Purcell, Symp. Soc. Gen. Microbiol. 46, 15 (1990). [19] K. Drescher, J. Dunkel, L. H. Cisneros, S. Ganguly, and R. E. Goldstein, Proc. Natl. Acad. Sci. USA 108, 10940 (2011). [20] J. Taktikos, V. Zaburdaev, and H. Stark, Phys. Rev. E 85, 051901 (2012). [21] M. J. Kim and K. S. Breuer, Anal. Chem. 79, 955 (2007). [22] S. Park, P. M. Wolanin, E. A. Yuzbashyan, P. Silberzan, J. B. Stock, and R. H. Austin, Science 301, 188 (2003). [23] C. Liu, X. Fu, L. Liu, X. Ren, C. K. L. Chau, S. Li, L. Xiang, H. Zeng, G. Chen, L.-H. Tang, P. Lenz, X. Cui, W. Huang, T. Hwa, and J.-D. Huang, Science 334, 238 (2011).



This work was supported in part by NSF Grants No. DMS-0652775 and No. DMS-0652795, and DOE Grant No. DEFG02-00ER25053 (E.L., M.J.S.) and an ERC Advanced Investigator Grant No. 247333 (R.E.G.).



040902-4



























[image: Collective chemotactic dynamics in the presence of self ... - NYU (Math)]
Collective chemotactic dynamics in the presence of self ... - NYU (Math)












[image: Dynamics of electron transfer reactions in the presence ...]
Dynamics of electron transfer reactions in the presence ...












[image: Dynamics of electron transfer reactions in the presence ...]
Dynamics of electron transfer reactions in the presence ...












[image: Optimal view angle in collective dynamics of self-propelled agents]
Optimal view angle in collective dynamics of self-propelled agents












[image: Evolutionary dynamics of collective action in N-person ...]
Evolutionary dynamics of collective action in N-person ...












[image: Optimal view angle in collective dynamics of self-propelled agents]
Optimal view angle in collective dynamics of self-propelled agents












[image: Collective dynamics of 'small-world' networks]
Collective dynamics of 'small-world' networks












[image: Evolutionary Dynamics of Collective Action in N-person ...]
Evolutionary Dynamics of Collective Action in N-person ...












[image: Collective Dynamics in a Binary Mixture of ...]
Collective Dynamics in a Binary Mixture of ...












[image: The micro dynamics of collective violence]
The micro dynamics of collective violence












[image: Collective Reputation and the Dynamics of Statistical ...]
Collective Reputation and the Dynamics of Statistical ...












[image: Collective Reputation and the Dynamics of Statistical ...]
Collective Reputation and the Dynamics of Statistical ...












[image: Collective Reputation and the Dynamics of Statistical ...]
Collective Reputation and the Dynamics of Statistical ...












[image: Collective dynamics of 'small-world' networks]
Collective dynamics of 'small-world' networks












[image: The Collective Dynamics of Smoking in a Large Social ...]
The Collective Dynamics of Smoking in a Large Social ...












[image: Asymptotic Optimality of the Static Frequency Caching in the Presence ...]
Asymptotic Optimality of the Static Frequency Caching in the Presence ...












[image: Capacity of Cooperative Fusion in the Presence of ...]
Capacity of Cooperative Fusion in the Presence of ...












[image: Polymeric latexes prepared in the presence of 2-acrylamido-2 ...]
Polymeric latexes prepared in the presence of 2-acrylamido-2 ...












[image: Query Answering using Views in the Presence of ...]
Query Answering using Views in the Presence of ...












[image: Round-the-Clock presence of Central Excise Officers in Cigarette ...]
Round-the-Clock presence of Central Excise Officers in Cigarette ...












[image: Exploration and Exploitation in the Presence of Network ...]
Exploration and Exploitation in the Presence of Network ...












[image: Efficient Race Detection in the Presence of ...]
Efficient Race Detection in the Presence of ...












[image: Low-latency Atomic Broadcast in the presence of ...]
Low-latency Atomic Broadcast in the presence of ...












[image: Efficient Race Detection in the Presence of ...]
Efficient Race Detection in the Presence of ...















Collective chemotactic dynamics in the presence of self-generated ...






Oct 22, 2012 - [7] to study swimmer transport and rotation in a given background ... *Corresponding author: [email protected].uk and-tumble dynamics. 






 Download PDF 



















 992KB Sizes
 0 Downloads
 261 Views








 Report























Recommend Documents







[image: alt]





Collective chemotactic dynamics in the presence of self ... - NYU (Math) 

Oct 22, 2012 - them around the domain. The dynamics is one of .... [22] S. Park, P. M. Wolanin, E. A. Yuzbashyan, P. Silberzan, J. B.. Stock, and R. H. Austin, ...














[image: alt]





Dynamics of electron transfer reactions in the presence ... 

Received 8 July 2009; accepted 8 August 2009; published online 4 September 2009. A generalized ... Things are different for the inner sphere degrees of free- dom. They are not in ...... Scientific Computing Center NERSC, which is supported.














[image: alt]





Dynamics of electron transfer reactions in the presence ... 

Received 8 July 2009; accepted 8 August 2009; published online 4 September 2009. A generalized master equation approach is developed to describe electron transfer ET dynamics in ... Things are different for the inner sphere degrees of free- dom. They














[image: alt]





Optimal view angle in collective dynamics of self-propelled agents 

May 18, 2009 - 1Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China .... Higher Education of China Grant No.














[image: alt]





Evolutionary dynamics of collective action in N-person ... 

the population. As shown in appendix A, random sampling of individuals leads to groups whose compo- sition follows a binomial distribution (Hauert et al. 2006),.














[image: alt]





Optimal view angle in collective dynamics of self-propelled agents 

May 18, 2009 - fastest direction consensus. The value of the optimal view angle depends on the density, the interaction radius, the absolute velocity of swarms, ...














[image: alt]





Collective dynamics of 'small-world' networks 

Jun 4, 1998 - and social networks lie somewhere between these two extremes. Here we ... most, a linear effect on C; henceC(p) remains practically unchanged for small p even though L(p) drops rapidly. The important implica- tion here is ...














[image: alt]





Evolutionary Dynamics of Collective Action in N-person ... 

IRIDIA/CoDE, UniversitÃ© Libre de Bruxelles, Av. F. Roosevelt 50, CP 194/6, Brussels, ... Here we introduce a model in which a threshold less than the total group.














[image: alt]





Collective Dynamics in a Binary Mixture of ... 

May 5, 2015 - FS ij are (purely repulsive) steric or excluded volume interactions .... opposite-spin and same-spin rotors within distance r Î»+(r) = 1. N. XN i=1.














[image: alt]





The micro dynamics of collective violence 

2011). For most people it is difficult to overcome their fear of, and inhibi- tions towards .... Connectivity and heterogeneity imply that for large social networks to syn- chronize .... M. Baas, F. S. Ten Velden, E. Van Dijk, and S. W. Feith (2010).














[image: alt]





Collective Reputation and the Dynamics of Statistical ... 

Sep 6, 2016 - disadvantaged group fails to coordinate on the good equilibrium. ..... identical fundamentals with respect to investment cost and information technology. ..... a training subsidy program that can reduce the human capital acquisition ...














[image: alt]





Collective Reputation and the Dynamics of Statistical ... 

R({aÏ„ }âˆž t ) = âˆ« âˆž t Î²(aÏ„ )e. âˆ’(Î´+Î»)(Ï„âˆ’t) dÏ„. Thus, the rate of human capital acquisition among ..... skill investment rate under the introduced subsidy program.














[image: alt]





Collective Reputation and the Dynamics of Statistical ... 

Young Chul Kimâˆ—â€ . Korea Development Institute. Glenn C. Louryâ€¡. Brown University. October 25, 2010. Abstract. Previous literature on statistical discrimination explained stereotypes based on the existence of multiple equilibria, in which princi














[image: alt]





Collective dynamics of 'small-world' networks 

Jun 4, 1998 - We call them ... *Present address: Paul F. Lazarsfeld Center for the Social Sciences, Columbia .... Although small-world architecture has not.














[image: alt]





The Collective Dynamics of Smoking in a Large Social ... 

May 22, 2008 - From the Department of Health Care .... For our study, we used the offspring cohort as the .... tistically meaningful difference between the pro-.














[image: alt]





Asymptotic Optimality of the Static Frequency Caching in the Presence ... 

that improves the efficiency and scalability of multimedia content delivery, benefits of ... probability, i.e., the average number of misses during a long time period.














[image: alt]





Capacity of Cooperative Fusion in the Presence of ... 

Karlof and Wagner. [11] consider routing security in wireless sensor networks. ...... thesis, Massachusetts Institute of Technology, Cambridge, MA, August. 1988.














[image: alt]





Polymeric latexes prepared in the presence of 2-acrylamido-2 ... 

Feb 6, 2001 - recovery of natural resources in the mining, petroleum and ..... ization of the acid monomer With an alkaline agent such as a ..... This data,.














[image: alt]





Query Answering using Views in the Presence of ... 

The problem of finding equivalent rewritings is formally defined as follows: We have a database schema R, a set of. CQ views V over schema R, a set of tgds and ...














[image: alt]





Round-the-Clock presence of Central Excise Officers in Cigarette ... 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. Main menu.














[image: alt]





Exploration and Exploitation in the Presence of Network ... 

Center for Emerging-Technology Assessment, Science and Technology Policy Institute,. 395-70 ... Intel has developed new microprocessors by maintaining compatibility with the established ... On the one hand, if the RISC trend represented a.














[image: alt]





Efficient Race Detection in the Presence of ... 

This is a very popular mechanism for the ... JavaScript programs [33, 37] and Android applications [19, ..... an event handler spins at most one event loop. Later in the ..... not observe cases of this form, we think it will be useful to implement ..














[image: alt]





Low-latency Atomic Broadcast in the presence of ... 

A new cheap Generic ..... which is similar to [3] but requires only n > 2f (cheap- ...... URL http://www.ntp.org/. 16. F. Pedone and A. Schiper. Optimistic Atomic ...














[image: alt]





Efficient Race Detection in the Presence of ... 

pairs of operations explicitly in such a way that the ordering between any pair of ... for JavaScript and Android programs, many event-driven .... the call stack of the paused handler. ... is marked by the Resume operation (step 1.5) in Figure 3.


























×
Report Collective chemotactic dynamics in the presence of self-generated ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















