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Border-collision normal form

o Piecewise-linear maps arise when modeling systems with switches, thresholds and
other abrupt events.

@ In our project, we study the two-dimensional border-collision normal form (Nusse
& Yorke, 1992), given by
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o Here (z,y) € R?, and & = (11,81, TR, 6r) € R* are the parameters.
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Phase portrait of a chaotic attractor

Figure: A sketch of the phase portrait of f: with £ € Ppvq.
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Renormalisation operator

@ Renormalisation involves showing that, for some members of a family of maps, a
higher iterate or induced map is conjugate to different member of this family of
maps.

@ Although the second iterate fg has four pieces, relevant dynamics arise in only two
of these. We have
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Renormalisation operator

e Now fg can be transformed to fy(), where g is the renormalisation operator
(Ghosh & Simpson, 2022.) g : R* — R*, given by

FL =Th — 20R,

o = 6%,
TR = TLTR — 01, — OR,
SR =010R.

@ We perform a coordinate change to put fg in the normal form :
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@ We consider the parameter region
®={¢eRr, >6,+1,0,>0,7r < —(0g+1),0r > 0}.
o Let
¢T (&) =Co=06r— (TR+ 6L +0r — (1 + TR)AY)NY.

@ The stable and the unstable manifolds of the fixed point Y intersect if and only if
¢F(€) <0.

@ The attractor is often destroyed at ¢ (&) = 0 which is a homoclinic bifurcation
(Banerjee, Yorke & Grebogi, 1998), and thus focused their attention on the region

Opya = {£ € ®[¢7(§) > 0}.
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Figure: The sketch of two-dimensional cross-section of ®pya when §;, = g = 0.01.
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Theorem (Ghosh & Simpson, 2022)

The R,, are non-empty, mutually disjoint, and converge to the fixed point (1,0, —1,0)
asn — oo. Moreover,

o0
Py C U Ry.

n=0

Let,
A(§) = (W (X)).

Theorem (Ghosh & Simpson, 2022)

For the map f¢ with any £ € Ro, A(§) is bounded, connected, and invariant. Moreover,
A(&) is chaotic (positive Lyapunov exponent).
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Theorem (Ghosh & Simpson, 2022)
For any £ € R,, wheren >0, g"(§) € Ro and there exist mutually disjoint sets

So,S1, .., San_1 C R? such that fe(S;) = S(i+1) mod 2n and
fgn\gi is affinely conjugate to fyn(ey|a(gn(e))
for each i € {0,1,...,2" —1}. Moreover,

271

U S = W (),

1=0

where 7y, is a saddle-type periodic solution of our map f¢ having the symbolic itinerary
F™(R) given by Table 1.
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Table: The first 5 words in the sequence generated by repeatedly applying the substitution rule
(L,R) = (RR,LR) to W = R.
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Results

¢ =(1.15,0.01, -1.12,0.01) € R, € = ¢%(1.15,0.01, -1.12,0.01) € Ry
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Devaney Chaos
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Devaney Chaos

Theorem (Ghosh & Simpson, 2022)

Let £ € pyc and suppose J1(§) > 1 and A} + |A;| < 1. Then W*(X) is dense in a
triangular region containing A.

Theorem (Ghosh & Simpson, 2022)

Let £ € ®pyq and suppose J1(§) > 1 and Jo(§) < 1. Then, f¢ is chaotic in the sense
of Devaney on A.
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Generalised parameter region

Now we consider the more generalised parameter region considering the
orientation-reversing and non-invertible cases,

(I’Z{fGR4|TL>‘5L+1‘,TR<—’5R+1’}.
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Typical phase portraits

(3)5L>0,(5R>0 (b)5L<0,(5R<O

Figure: Typical phase portraits of the chaotic attractor for the invertible case (0.0r > 0).
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Typical phase portraits

(a) 0, > 0,0r <0 (b) 6z, < 0,0 >0

Figure: Typical phase portraits of the chaotic attractor for the non-invertible case (6.dr < 0).
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Invariant expanding cones

Chaos in &gy can be proved by constructing an invariant expanding cone in tangent
space (Glendinning & Simpson, 2021). We have extended this to ®.

Figure: A sketch of an invariant expanding cone C' and its image AC = {Av|v € C'}, given
A e R,
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Robust Chaos in a generalised setting

Theorem (Ghosh, McLachlan, & Simpson, 2023)

For any § € ®ap N Peone, the normal form fe has a topological attractor with a
positive Lyapunov exponent.
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Robust Chaos in a generalised setting
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Figure: A 2D slice of ®@gyap N Peone C RE.
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The orientation-reversing case

o Let
2 ={eed |6, <0,0r <0},

be the subset of ® for which the BCNF is orientation-reversing.

@ The attractor A which is again a closure of the unstable manifold of X faces a

crisis at C[()Q) = 0 where

¢ = 67(€) = r — (Op + 7 — (1 + AL)ALAL .
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The orientation-reversing case

o Now, ¢ € ®? implies g(&) € @), so we again use the preimages of ¢ (£) =0
under g to define the region boundaries: Specifically we let

Ry = {€ € ®®]67(6) > 0,6 (9(6)) < 0,a(¢) < 0},
R = {g cd? ‘ o (g"(&)) > 0,07 (g"“(g)) <0,a(f) < 0} , for all n > 1.
where

a(§) = 1R + (6L — 1)(6r — 1).

@ This brings us to the proposition

Proposition (Ghosh, McLachlan, & Simpson, 2024)
if ¢ € R withn > 1, then g(¢) € RW,. J
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The orientation-reversing case

(0,-1)

(@) ¢ =€ e RY (b) € =
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The non-invertible case 6, > 0,0z < 0

o Let
dB) ={¢e® |, >0,05 <0},

meaning the map is invertible.

@ In this region an attractor can be destroyed by crossing the homoclinic bifurcation
¢t (&) = 0 or the heteroclinic bifurcation ¢~ (¢) = 0.

o we define

$min(€) = min[¢ ™ (€), ¢~ (&)].

and
RE) = {f co® ‘ Gmin (9"(€)) > 0, bmin (9"71(€)) <0, a(§) < 0} )

for all n > 0.
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The non-invertible case ; > 0,0 < 0

@ This brings us to a new proposition:
Proposition (Ghosh, McLachlan, & Simpson, 2024)
If¢ € R withn > 1, then g(¢) e R . J

\\¢
10.-1) \

(@) ¢ = &P e RW (b) € = g(e) e RYY
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The non-invertible case 6, < 0,0 > 0

@ It remains for us to consider
W ={eed|d, <06 >0},

where the BCNF is again non-invertible.

@ In this region the attractor is usually destroyed before the boundaries ¢ (&) = 0
and ¢~ (&) = 0 in a heteroclinic bifurcation that cannot be characterised by an
explicit condition on the parameter values.

o Despite the extra complexities in ®(*) it still appears that renormalisation is helpful
for explaining the bifurcation structure. Let

REY = {€ € @D | gmin(©) > 0, dmin(9(€)) <0, a(€) < 0}
R = {€.€ 89| 61in(g"(€)) > 0, duin(g™(€)) <0, al€) < 0,a(9(€) < 0}
(1)
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The non-invertible case 6, < 0,0 > 0

@ This brings us to the new propostion:
Proposition (Ghosh, McLachlan, & Simpson, 2024)
if¢ € RS withn > 1, then g(¢) e R, J

(@) £ =&Y e RW (b) € = g(el) e REY
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Numerics

@ We verify these bifurcation structures numerically by using Eckstein’s greatest
common divisor algorithm (Eckstein, 2006), described by Avrutin et al, 2007 to
estimate from sample orbits the number of connected components in the attractor.

TR

—2.0

-25

(b) 0, = —0.2,65 = —0.2.
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Numerics
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Numerics
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Numerics
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Higher-dimensional setting

@ Let n > 2. Suppose « > 1 is an eigenvalue of Ay, and —3 < —1 of Ag with
multiplicity one, and all other eigenvalues of A; and Ar have modulus at most
0<r<l.

Theorem (Ghosh & Simpson, 2024)

Holding the above assumption and

r(n—1)<:;<1—;>, r(n—1)<§<1—;>,

then f has a topological attractor with a positive Lyapunov exponent.
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Higher-dimensional setting

Figure: The construction of a forward invariant region ) for n = 3.
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Higher-dimensional setting
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Figure: Robust chaos parameter region for the two-dimensional map, with our
higher-dimensional construction portrayed on top of it. We chose n = 2 for simplicity.
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Future Directions

@ We expect our construction in the two-dimensional setting could be adapted to
verify robust chaos beyond the boundaries reported.
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Future Directions

@ We expect our construction in the two-dimensional setting could be adapted to
verify robust chaos beyond the boundaries reported.

@ It would be interesting to see if renormalisation schemes based on other symbolic
substitution rules can be used to explain parameter regimes where the BCNF has
attractors with other numbers of components, e.g. three components.
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Future Directions

@ We expect our construction in the two-dimensional setting could be adapted to
verify robust chaos beyond the boundaries reported.

@ It would be interesting to see if renormalisation schemes based on other symbolic
substitution rules can be used to explain parameter regimes where the BCNF has
attractors with other numbers of components, e.g. three components.

@ Maps with multiple directions of instability should be just as relevant, giving the
possibility of so-called wild chaos, and it remains to treat these scenarios.
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Future Directions

@ We expect our construction in the two-dimensional setting could be adapted to
verify robust chaos beyond the boundaries reported.

@ It would be interesting to see if renormalisation schemes based on other symbolic
substitution rules can be used to explain parameter regimes where the BCNF has
attractors with other numbers of components, e.g. three components.

@ Maps with multiple directions of instability should be just as relevant, giving the
possibility of so-called wild chaos, and it remains to treat these scenarios.

@ Can apply similar sort of renormalisation to the circle map.
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Future Directions

We expect our construction in the two-dimensional setting could be adapted to
verify robust chaos beyond the boundaries reported.

@ It would be interesting to see if renormalisation schemes based on other symbolic
substitution rules can be used to explain parameter regimes where the BCNF has
attractors with other numbers of components, e.g. three components.

@ Maps with multiple directions of instability should be just as relevant, giving the
possibility of so-called wild chaos, and it remains to treat these scenarios.

@ Can apply similar sort of renormalisation to the circle map.

@ As one application | want to apply n—dimensional construction as the key space for
an encryption scheme.
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Impact Oscillators

@ Many engineering systems involve vibrations and impacts, e.g. impact print
hammers, gear assemblies, machinery for milling, bells, and shock absorbers.

Figure: Examples of simple impacting systems: (a) a bell, (b) a gear assembly, (c) an
impact print hammer. Picture taken from di Bernardo, Champneys, Budd, Kowalczyk,
2008.
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The impact oscillator model

=0,

b Fcos(wt) block

wall

Figure: A hard-impact oscillator model: & + b% 4+ « + 1 = F cos(wt) and & — —rd whenever
z=0.
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The impact oscillator model

=0,

b Fcos(wt) block

wall

Figure: A hard-impact oscillator model: & + b% 4+ « + 1 = F cos(wt) and & — —rd whenever
z=0.

o If the block hits the wall with zero velocity, this is a grazing impact.

@ A grazing bifurcation occurs when the limit cycle has a grazing impact.
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Experimental example
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Figure: Bifurcation diagram obtained from the paper by Pavlovskaia et al., Int. J. Bifurcation
Chaos, 2010.
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Experimental example
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Figure: Bifurcation diagram obtained from the paper by Pavlovskaia et al., Int. J. Bifurcation
Chaos, 2010.

@ Why does a stable period-two solution appear so close to grazing?
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@ The nondimensionalised equations of our oscillator model are given by

T =y,

gy = Fcos(wt) — by —x — 1,

where z(t) and y(t) are the displacement and the velocity of the oscillator with the
damping ratio b > 0.
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@ The nondimensionalised equations of our oscillator model are given by

T =y,
gy = Fcos(wt) — by —x — 1,

where z(t) and y(t) are the displacement and the velocity of the oscillator with the
damping ratio b > 0.

o We treat I as the primary bifurcation parameter.
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@ The nondimensionalised equations of our oscillator model are given by

T =y,

gy = Fcos(wt) — by —x — 1,

where z(t) and y(t) are the displacement and the velocity of the oscillator with the
damping ratio b > 0.

o We treat I as the primary bifurcation parameter.

@ The values of I' and ¢ that occur at grazing are implicitly given by

; 1t 1 bw
raz — — tan )
gra w 1—w?

F2., = (1 —w?)?+ %2

graz
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Typical phase portrait

Figure: A typical phase portrait of the impact oscillator.
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Bifurcation diagram
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Figure: A typical bifurcation diagram of the impact oscillator
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Poincaré map

instantaneous
velocity
reversal

Figure: An illustration of the Poincaré map.
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Poincaré map

instantaneous
velocity
reversal

Figure: An illustration of the Poincaré map.

@ We use y = 0 as the Poincaré section. The map is given by (2, 2') = P(z, 2)
where z =t — tg,, mod %’T

@ We evaluate P numerically, using an explicit formula for the flow, and event
detection for determining where orbits return to the Poincaré section.
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Poincaré map

@ The map P can be expressed as

P = Pglobal % Pdisc-

Indranil Ghosh Advances in bifurcations and dynamics of low-dimensional maps.


https://indrag49.github.io

Poincaré map

@ The map P can be expressed as
P = Pglobal % Pdisc-

@ Here

Pdisc(xa 2 F) =

x> 0.
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Poincaré map

o To first order, the Taylor expansion of Pyighal about (z, z; F') = (0,0; Fyray) can be
written as

. xz F_Fgraz 1—an
Pyopal = K [z] + m { g +0(2),

where

and each a;; is the (i, j) entry of

([l 2])
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Poincaré map

o Note that
)\16%)\2 — )\262?”‘2 627”1 — 627W>\2
air = A — A 5 a1 = ﬁa
2
o — —a a _()\1+b)6w)‘2—()\2+b)ew)‘1
21 125 22 M= )

where K has eigenvalues \j o = a +if3.
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Poincaré map

o Note that
)\16%)\2 — )\262?”‘2 eTN _ i
ail = A — A , a2 = ﬁu
o — _()\1+b)6w)\2—()\2—|—b)62w)\1
21 = —a12, a2 = = )
where K has eigenvalues \j o = a +if3.
@ Here,
b b2
a=-g, B=1/1-— R
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Poincaré map

o Note that
)\16%)\2 — )\262?”‘2 627”1 — 627W>\2
air = A — A 5 a1 = ﬁa
2
o — —a a _()\1+b)6w)‘2—()\2+b)ew)‘1
21 125 22 M= )

where K has eigenvalues \j o = a +if3.

b / b2
[ Yiges

2T . anmo
@ Also K has trace 7 = 2¢ v cos (?) and determinant § = e w .

@ Here,
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Numerics

@ For a period-p solution of our map P with one point in 2 > 0, this point is a fixed
point of Pgobal o Piisc,R-
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Numerics

@ For a period-p solution of our map P with one point in 2 > 0, this point is a fixed
point of Pgobal o Piisc,R-

@ Maximal periodic solutions are those with exactly one point in > 0 (such
periodic solutions are the most likely to be stable because the square-root
singularity is highly destabilising)
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Numerics

@ For a period-p solution of our map P with one point in 2 > 0, this point is a fixed
point of Pgobal o Piisc,R-

@ Maximal periodic solutions are those with exactly one point in > 0 (such
periodic solutions are the most likely to be stable because the square-root
singularity is highly destabilising)

@ Since Pgobal 0 Pyise,R is smooth, standard numerical methods like Newton's
method can be used to follow fixed points while z > 0.

Indranil Ghosh Advances in bifurcations and dynamics of low-dimensional maps.


https://indrag49.github.io

Numerics

@ For a period-p solution of our map P with one point in 2 > 0, this point is a fixed
point of Pgobal o Piisc,R-

@ Maximal periodic solutions are those with exactly one point in > 0 (such
periodic solutions are the most likely to be stable because the square-root
singularity is highly destabilising)

@ Since Pgobal 0 Pyise,R is smooth, standard numerical methods like Newton's
method can be used to follow fixed points while z > 0.

e That is, given a guess for (zg, 29), we compute (y1, 21), (y2, 22), and (z3, z3), and

(24, 24) = Py a1 (23, 233 ). Then let G(xo, 20 ') = (24, 21) — (20, 20) and

continue zeros of G.

instantaneous
velocity
reversal
BN

/\\(w% » 020 .

~ —

— —
PIM i Prise (I()A,Zu)
F
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Numerics

@ However, Newton's method fails near grazing because Pyisc, g contains /z (if

x < 0, the method blows up!).
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@ However, Newton's method fails near grazing because Pyisc, g contains /z (if
x < 0, the method blows up!).
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Numerics

@ So instead we guess (y1, z1), then compute (xo, 20), (y2,22), and (x3, z3), and

(%4, 24) = Pgobal(:cg,zg; F). Then let V(y1,21; F) = (24, 24) — (0, 20).
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Numerics

@ So instead we guess (y1, z1), then compute (xo, 20), (y2,22), and (x3, z3), and

(%4, 24) = Pgobal(:cg,zg; F). Then let V(y1,21; F) = (24, 24) — (0, 20).
@ The function V' maps the impact velocity and z-value to the variation (or change)

in displacement and z-value.
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Numerics

@ So instead we guess (y1, z1), then compute (xo, 20), (y2,22), and (x3, z3), and
(%4, 24) = Pgobal(:cg,zg; F). Then let V(y1,21; F) = (24, 24) — (0, 20).

@ The function V' maps the impact velocity and z-value to the variation (or change)
in displacement and z-value.

@ We call the function V as the VIVID function that follows the zeros of a function
mapping Velocity Into Variation In Displacement.
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Period doubling, w = 0.8

0.4+

0.2 )\2

-0.6 -
-0.8

1k

1 1
0.36141 Fyraz 0.361433 0.361454
F

Indranil Ghosh Advances in bifurcations and dynamics of low-dimensional maps.


https://indrag49.github.io

Saddle node, w = 0.799
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Two-parameter bifurcation diagram

@ We are able to compute the two-parameter bifurcation diagram because of our
new numerical tool.
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Two-parameter bifurcation diagram

@ We are able to compute the two-parameter bifurcation diagram because of our

new numerical tool.

@ The location of the
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Resonance

@ Branches of maximal periodic solutions emanate from the grazing bifurcation,
either to the left or the right, and Nordmark (Nonlinearity, 2001) showed that this
is determined by the values of 7 and §.
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Resonance

@ Branches of maximal periodic solutions emanate from the grazing bifurcation,
either to the left or the right, and Nordmark (Nonlinearity, 2001) showed that this
is determined by the values of 7 and §.

1k

0.5 F

O §=—121

Figure: Division of the (7, ) plane.
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Resonance

@ The eigenvalues of K are complex, and thus can be written as A\; 2 = rexp(+if),
where r >0 and 0 < 0 < .
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Resonance

@ The eigenvalues of K are complex, and thus can be written as A\; 2 = rexp(+if),
where r >0 and 0 < 0 < .

e Thus, we have 7 = 2rcos(f) and § = r2.
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Resonance

@ The eigenvalues of K are complex, and thus can be written as A\; 2 = rexp(+if),
where r >0 and 0 < 0 < .

e Thus, we have 7 = 2rcos(f) and § = r2.

@ The period-p solution changes from emanating to the left to emanating to the
right when sin(pf) = 0.
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Resonance

@ The eigenvalues of K are complex, and thus can be written as A\; 2 = rexp(+if),
where r >0 and 0 < 0 < .

e Thus, we have 7 = 2rcos(f) and § = r2.

@ The period-p solution changes from emanating to the left to emanating to the
right when sin(pf) = 0.

@ In particular, for p = 1, codimension-2 points occur when g = 5, for some n € Z.
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Resonance

@ The eigenvalues of K are complex, and thus can be written as A\; 2 = rexp(+if),
where r >0 and 0 < 0 < .

e Thus, we have 7 = 2rcos(f) and § = r2.

@ The period-p solution changes from emanating to the left to emanating to the
right when sin(pf) = 0.

@ In particular, for p = 1, codimension-2 points occur when g = 5, for some n € Z.

e For p > 1, codimenison-2 points occur when g =nz+ %, for some n € Z
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Discussion

@ We have shown that the oscillator has a stable period-two solution near grazing
because it is near resonance.
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Discussion

@ We have shown that the oscillator has a stable period-two solution near grazing
because it is near resonance.

@ We have developed a new numerical tool called VIVID using which the issue of
"numerical algorithms falling off the side of square-root near grazing" is
circumvented.
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@ We have shown that the oscillator has a stable period-two solution near grazing
because it is near resonance.

@ We have developed a new numerical tool called VIVID using which the issue of
"numerical algorithms falling off the side of square-root near grazing" is
circumvented.

@ We produce two-parameter bifurcation diagrams showing curves of saddle-node and
period-doubling bifurcation emanating from a codimension-two grazing bifurcation.
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Discussion

@ We have shown that the oscillator has a stable period-two solution near grazing
because it is near resonance.

@ We have developed a new numerical tool called VIVID using which the issue of
"numerical algorithms falling off the side of square-root near grazing" is
circumvented.

@ We produce two-parameter bifurcation diagrams showing curves of saddle-node and
period-doubling bifurcation emanating from a codimension-two grazing bifurcation.

@ However, it remains to unfold such codimension-two points theoretically (and we
have started to work on this). Hopefully, this can explain why the SN curve bends
away from Fj;,, faster than the PD curve.
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Discussion

@ We have shown that the oscillator has a stable period-two solution near grazing
because it is near resonance.

@ We have developed a new numerical tool called VIVID using which the issue of
"numerical algorithms falling off the side of square-root near grazing" is
circumvented.

@ We produce two-parameter bifurcation diagrams showing curves of saddle-node and
period-doubling bifurcation emanating from a codimension-two grazing bifurcation.

@ However, it remains to unfold such codimension-two points theoretically (and we
have started to work on this). Hopefully, this can explain why the SN curve bends
away from Fj;,, faster than the PD curve.

@ Would be intersting to see the behaviour when the damping ratio b limits to 0.
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Neurons as Dynamical units

@ Neurons represent the fundamental dynamical units of the nervous system

@ The dynamics of neurons, like firing of action potentials, can be modeled as simple
dynamical systems like ODEs or maps

Figure: Two neurons connected by a synapse. (Powered by DALL-E 3)
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Chialvo Map (Chialvo, 1995)

The two-dimensional neuron map is given by

Tpy1 = a2el¥n ) 4 kg,

Yn+1 = aYp — brp +C.

The state variables 2 and y represent the activation variable and recovery-like
variable,

a,b,c and kg are the system parameters,

a < 1 is the time constant of recovery,

o
o
@ b < 1 represents the activation dependence of the recovery process,
@ c denotes the offset, and

o

ko is the time-independent additive perturbation.
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A Typical Phase Portrait
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Electromagnetic flux

We describe the effects of electromagnetic flux on the system of neurons with
memristors. The induction current due to electromagnetic flux is given by

do(0) _da(¢)do _ . db

it~ g ar - MO)g = kMO

@ ¢: electromagnetic flux across the neuron membranes,
o k: electromagnetic flux coupling strength, &
@ M(¢): memconductance of electromagnetic flux controlled memristor.

We consider the following memconductance function:

M(¢) = a +36¢%.
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Improved Chialvo map under electromagnetic flux (Muni, Fatoyinbo, &

Ghosh, 2022)

Under the action of electromagnetic flux, the system of Chialvo map is improved to the
following map:

Tny1 = 22eWn ™) 4 ko 4 kx, M (o),

Ynt1 = aYn — by + ¢,

Ony1 = b1y — kaon,

making the system a three-dimensional smooth map. The new variables «, 3, k1, ko
represent the electromagnetic flux parameters.
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Multistability
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Bifurcation stru

Figure: Bifurcation diagram of = with respect to k in panel (a). A maximal Lyapunov exponent
diagram is shown in panel (b).
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Bifurcation structures and antimonotonicity

1\

KTR s
S

Figure: In (a) a stable fixed point is shown in the z — y — ¢ phase space for a = 0.838. After a
supercritical Neimark-Sacker bifurcation, an attracting closed invariant curve is born as shown
in (b) at a = 0.841. A chaotic attractor is then formed when « is increased to 0.88.
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Numerical bifurcation analysis

Table: Abbreviations of codimension-1 and codimension-2 bifurcations

Codimension-1
Saddle-node (fold) bifur- | LP Neimerk-Sacker bifurca- | NS

cation tion
Period-doubling (flip) bi- | PD
furcation

Codimension-2
Cusp CP Chenciner CH
Generalized flip GPD || Fold-Flip LPPD
Flip-Neimark-Sacker PDNS|| Fold-Neimark-Sacker LPNS
1:1 resonance R1 1:2 resonance R2
1:3 resonance R3 1:4 resonance R4
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Numerical bifurcation analysis

op
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Figure: (a) Codimension-1 bifurcation diagram with k as bifurcation parameter. (b)
Codimesion-2 bifurcation diagram in (k, ¢)-parameter plane. (c) Zoomed version of (b)
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Bursting and spiking features
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Discussion

@ We have introduced a three-dimensional Chialvo neuron map under the effect of
electromagentic flux.
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Discussion

@ We have introduced a three-dimensional Chialvo neuron map under the effect of
electromagentic flux.

@ We have performed numerical bifurcation analysis and portrayed different
codimension-1 and codimension-2 bifurcation patterns.
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Discussion

@ We have introduced a three-dimensional Chialvo neuron map under the effect of
electromagentic flux.

@ We have performed numerical bifurcation analysis and portrayed different
codimension-1 and codimension-2 bifurcation patterns.

@ We aim to consider the model in a network and study the dynamical properties
under noise.
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Discussion

@ We have introduced a three-dimensional Chialvo neuron map under the effect of
electromagentic flux.

@ We have performed numerical bifurcation analysis and portrayed different
codimension-1 and codimension-2 bifurcation patterns.

@ We aim to consider the model in a network and study the dynamical properties
under noise.

@ We also aim to study the influence of higher-order interaction (beyond piecewise
interaction) on the synchronization manifold of the network.
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The End

Thank you! Questions?
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