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» First successful model for solar cycle was proposed by Parker in
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» In aQ dynamo,regeneration of poloidal magnetic field can be
due to parameter a = -7 <u.(Vxu)>.

» Poloidal magnetic flux through a-effect is measured by a
non-dimensional parameter D, = aR/n

» Toroidal magnetic flux through differential rotation is
measured by a magnetic Reynolds number Dq = Q'R3/n

» Dynamo effeciency is governed by a non dimensional dynamo
number D and
R Q'R3
D=D,Dg="2"2"
non

D x Q2
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Observations:
In linear dynamo theory, for stars with same internal structure,
cycle period Pgyc

> Pryex D2 x Q!
» Frequency of magnetic fields w D? x Q

» Does this linear relation still hold in non linear dynamo theory?



Dynamic Model of Dynamo (Magnetic Activity) and Rotation
L Motivation

In non linear dynamo theory, the growth of magnetic field is
limited by saturation mechanism.

» There are at least three saturation mechanisms that have been
proposed for stellar dynamo theory:



Dynamic Model of Dynamo (Magnetic Activity) and Rotation
L Motivation

In non linear dynamo theory, the growth of magnetic field is
limited by saturation mechanism.

» There are at least three saturation mechanisms that have been
proposed for stellar dynamo theory:

» a quenching

» Shear quenching

» Magnetic flux loss
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» Observationally, cycle period depends upon the stellar rotation
period Pror as Peye

PI'I

rot’

n=1.25+0.5[Noyes et. al(1984)].
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» Observationally, cycle period depends upon the stellar rotation
period Pro; as Peye x Pl n=1.25+0.5[Noyes et. al(1984)].
» Exponent n = 0.80 for active star and 1.15 for inactive star

[Saar and Brandenburg ; 1999, Charbonneau and Saar ; 2001,
Saar ; 2002]
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» Can we develop a minimal dynamo model explain these
observations?

N
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Model

» Cattaneo,Jones & Weiss (1983) constructed a simple
parameterized model by taking B = (0, B(t)e™, ikA(t)e™)
and Lorentz force that generates the differential rotation
%—VZV = wo + w(t)exp(2ikx) then dimensionless seventh order

system is given as:

0:A=2DB - A, (1)
1
0:B=i(1+w)A-ZiA"w-B, (2)
1
6tW0:§i(A*B—AB*)—v0w0, (3)
0w = —iAB-vw (4)

» A is poloidal field, B is toroidal field, wg is mean differential
rotation and w is fluctuating differential rotation.
» A,B, w are complex in nature whereas wy is real.
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Extended Model(Sood and Kim,2013)

» System is extended by adding @ quenching and flux loss.
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2DB
0:A

» System is extended by adding @ quenching and flux loss.
T 1+x1(1BP)

—[1+A:(1BIP)]A, (5)
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» System is extended by adding @ quenching and flux loss.
2DB

0 A= ———
T 14k (1BPR)

—[1+A:(1BIP)]A, (5)

1
0:B = i(1+wo)A-SiA"w =1 +A(1B2)]B,  (6)
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» System is extended by adding @ quenching and flux loss.
2DB

0 A= — "
T 14k (1B1R)

~[1+M(IBP)A,
1
0:B =i(1+wo)A~SiA"w—[1+12(1B1)]B,

1
6tW0 = EI'(A*B—AB*)—V()WQ,
0w =—iAB—-vw

» The system is solved for three cases by taking v=1.0 and
vg =35.0 and D varies from 1 to 400.:
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Extended Model(Sood and Kim,2013)

» System is extended by adding @ quenching and flux loss.
2DB

0 A= — "
T 14k (1B1R)

—[1+A:(1BIP)]A, (5)
0:B=i(1+w)A- %iA*w— [1+A2(1BI?)]B,  (6)

1
6tW0=§i(A*B—AB*)—VOW0, (7)
0rw =—IAB—vw (8)
» The system is solved for three cases by taking v=1.0 and
vg =35.0 and D varies from 1 to 400.:

» Case 1: a-quenching and no flux lossi.e. 131 = A1, =0, x1 #0
» Case 2: no a-quenching and flux loss i.e. A1 = Ay, k1 =0
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Extended Model(Sood and Kim,2013)

» System is extended by adding @ quenching and flux loss.
2DB

0 A= — "
T 14k (1B1R)

~[1+M(IBP)A,
1
0:B =i(1+wo)A~SiA"w—[1+12(1B1)]B,

1
6tW0 = EI'(A*B—AB*)—V()WQ,
0w =—iAB—-vw

» The system is solved for three cases by taking v=1.0 and
vg =35.0 and D varies from 1 to 400.:

» Case 1: a-quenching and no flux lossi.e. 131 = A1, =0, x1 #0

» Case 2: no a-quenching and flux loss i.e. A1 = Ay, k1 =0
» Case 3: a-quenching and flux loss i.e. A.; = 1, = x1 and
further studied the relationship between differential rotation

and rotation rate.
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Case 1:

» a-quenching and no flux loss i.e. k1 =2.5,4; =1,=0.0
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Magnetic field strength starts
decreasing with increasing rotation
rate.
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Case 1:

» a-quenching and no flux loss i.e. k1 =2.5,4; =1,=0.0
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decreasing with increasing rotation rate.
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Case 1:

» a-quenching and no flux loss i.e. k1 =2.5,4; =1,=0.0
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Magnetic field Strength
FREGUENGY OF WAGNET: FELD
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Rotation Rate ROTATION RATE
Magnetic field strength starts Frequency increases with rotation
decreasing with increasing rotation rate.
rate.

w o QF, where B=0.67 for Q<7
and f=1.24 for Q>7
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Case 1:

» a-quenching and no flux loss i.e. k1 =2.5,4; =1,=0.0

»
o

o«

o

Magnetic field Strength
FREGUENGY OF WAGNET: FELD

e
o

10
Rotation Rate 5 15 20

10
ROTATION RATE

Magnetic field strength starts Frequency increases with rotation
decreasing with increasing rotation rate.
rate.

w o QF, where B=0.67 for Q<7
and =124 for Q>7
» which are inconsistent with observations.
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Case: 2

» no a-quenching and flux loss i.e. 1; = 1, =2.5, x1 =0

1

MAGNETIC FIE.D STREVGTH
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Magnetic field strength decreases
with increasing rotation rate
(inconsistent) .
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Case: 2

» no a-quenching and flux loss i.e. 1; = 1, =2.5, x1 =0
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10
ROTATION RATE

Magnetic field strength decreases
with increasing rotation rate
(inconsistent) .

Frequency increases with rotation
rate.
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Case: 2

» no a-quenching and flux loss i.e. 1; = 1, =2.5, x1 =0

1

MAGNETIC FIE.D STREVGTH

FREOUENGY OF MAGNETIC FIELD

/—\\
5 15

10
ROTATION RATE

10
ROTATION RATE

Magnetic field strength decreases
with increasing rotation rate
(inconsistent) .

Frequency increases with rotation
rate.

» scaling exponent varies with increasing rotation rate but this
variation is with in the observed range.
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Case 3:

» a-quenching and flux loss i.e. 11 = 1, = k1 =25

MAGNETIC FIELD STRENGTH

o0l
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Magnetic field strength increases
with increasing rotation rate.
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Case 3:

» a-quenching and flux loss i.e. 11 = 1, = k1 =25

MAGNETIC FIELD STRENGTH
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o 15 2

10
ROTATION RATE

Frequency increases with rotation

Magnetic field strength increases .
rate.

with increasing rotation rate.
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Case 3:

» a-quenching and flux loss i.e. 11 = 1, = k1 =25

MAGNETIC FIELD STRENGTH

10
o0l L L L ROTATION RATE
o 15 2

10
ROTATION RATE

Frequency increases with rotation

Magnetic field strength increases .
rate.

with increasing rotation rate.
W X QO.SO
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Case 3:

» a-quenching and flux loss i.e. 11 = 1, = k1 =25

FREOUENGY OF MAGNETIC FIELD

MAGNETIC FIELD STRENGTH

s P

10
oal ROTATION RATE

o 15 2

10
ROTATION RATE

Frequency increases with rotation

Magnetic field strength increases .
rate.

with increasing rotation rate.
w o 0080
» which are in agreement for active star.[Saar and Brandenburg,
1999; Charbonneau and Saar, 2001; Saar, 2002]
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log—log_plot
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Frequency vs rotation rate in log-log scale.
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» Among the three cases considered in this 7th order system,
Case-1 and Case-2 with only alpha-quenching or flux-loss show
the behavior of frequency and strength of magnetic fields in
disagreement with observation.

» Agreement with observations is obtained only in Case-3 with
equal amount of alpha quenching and poloidal and toroidal
magnetic flux losses.

» These results thus suggest that there must be an effective
balance between generation and dissipation of magnetic fields
to obtain the saturation of magnetic fields at high rotation.
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» |s the right balance necessary between the various non linear
terms as well as various transport coefficients for a dynamo to
work near marginal stability?
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Reduced Fifth Order System

Here we consider the extreme limit where fluctuating differential
rotation w is much weaker than wy by taking the limits of v — oo
and w — 0 in equations (5) to (8) and reduced system is:

2DB
GtA:T(lBP)—[l+M(|B|2)]A, (9)
0:B=i(1+wy)A-[1+12(1B1?)]B, (10)

1
atWOZEI'(A*B—AB*)—VoWO. (11)
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[
Power

Magnelic field Strength

Frequency of Magnetic Field

LReduced Fifth Order System
1072
1ot
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Rctcmon Rate
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Rotation Rate

(1) Magnetic field strength and frequency as function of rotation rate for a-quenching and no
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107
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flux loss i.e. Ay = Ap = 0, k1 =25.

SR
Power

Magnetic field Strength

1

Frequeno/ of Magneﬁc Fisld

(2) Magnetic field strength and frequency as function of rotation rate for a-quenching and no

flux loss i.e. Ay = Ay = 2.5, k1 =0.0.
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Magnetic Field Strength

MH‘W“”“”

Frequency of Magnetic Field

P T BRI 2
o 5 2 5 10 15 20

B .
Rotation Rate Rotation Rate

(3) Magnetic field strength and frequency as function of rotation rate for a-quenching and flux loss i.e.

K1 = A = Ay = 2.5.

» None of the case is compatible with observations.

» Quenching in mean differential rotation tends to become too
severe, possibly shutting down of dynamo for large rotation
rate.

» We need fluctuating differential rotation to prevent this shear
quenching.
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Reduced Sixth Order System

The effect of fluctuating differential rotation w is studied by taking
vg — oo and wy — 0 in system (5)-(8). Reduced sixth order
dynamical system in the presence of nonlinearities such as a-
quenching, shear quenching and magnetic flux loss is given as
follows:

2DB

atA:m—[HmBF)]A, (12)
5.8 = #/?IBP) - %iA*W— [L+A:(BR)B,  (13)

0w =—IAB—vw. (14)
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» The system is studied for different combinations of
Kl»K2»/’Ll)A2

» We find that the frequency of magnetic field is within/close to
the observations.

» Magnetic field strength increases monotonically with rotation
rate.

» Various saturation mechanisms are able to slow down the
growth of magnetic field with rotation rate to some extent but
are not sufficiently efficient to flatten the magnetic field which
are inconsistent with observations.

» These results suggest that incorporation of mean differential
rotation as well as fluctuating differential rotation is necessary
for onset of dynamo near marginal stability.
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Minimal Dynamical Model: Parameter Dependencies

» To show that seventh order system is minimal model, we
investigate system (5)-(8) for nonlinear power-law dependence
of a quenching and flux loss on B as follows:

2DB

0= e gy L+ A (BIMIA (15)

1
0:B = i(1+wo)A~iA"w—[1+A2(1BI]B,  (16)

1
atW0=§i(A*B—AB*)—VOW0, (17)
0w =—iAB—vw, (18)
» The investigation of different cases by varying values of m, n,
k1,41 and A, systematically, we note that a-quenching power

law and magnetic dissipation should increase at least
quadratically
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» Dynamic balance among the dissipation and generation of
magnetic fields for n=m=2, x; = 1; = 1, =2.5 for dynamo
number D =2.

20B/(1+K,|B|') -Black, (1+4 |B|)A-Red

Non-Linear Terms

Dynamical balance between

% and [1+A1(IBI?)]A.
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» Dynamic balance among the dissipation and generation of
magnetic fields for n=m=2, x; = 1; = 1, =2.5 for dynamo
number D =2.

20B/(1+x,|B|') -Black, (1+4 |B|))A-Red (14WJA -Black, (1+4|B|)B-Red,-0.5iA*w-Blue

0.6
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0.2 A

Non-Linear Terms.

Non-Linear Terms
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Dygglgica/ balance betwegn Dynamical balance between
Trager) 2nd [1+A1(1BI7)]A. i(1+wp)A,[1+15(1B12)]B.
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Results

> Detailed investigations show that seventh order system is more robust in
the presence of equal combination of a quenching and magnetic flux loss.

> The linear increase in frequency and flattening of magnetic energy for
higher rotation rate in this case are in agreement with observations.
> Study of reduced fifth order system and reduced sixth order system

indicates that we need a right balance between mean and fluctuating
differential rotation to obtain the results consistent with observations.

> We need a right balance not only in generation and destruction of
magnetic fields but also in various flux transport coefficients.

> Furthermore, the linear increase in observed frequency and rotation rate
could be signature of self organization.(work in progress, Sood and Kim,
2013b)

> Our model is valid for fast rotating stars.
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