-1.5

-1

-0.5

0

0.5

1

1.5

-3 -2 -1 0 1 2 3 t=0

t=0.244

t=0.494

t=0.994

(a)

-1.5

-1

-0.5

0

0.5

1

1.5

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 t=0

t=0.213

t=0.463

(b)

Figure 1. Examples of single particle circularizing: (a). an elliptic particle, N = 256;

(b). a p erturb ed elliptic particle, N = 512.

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 0.5 1 1.5 2 2.5 3 t=0

t=0.043

t=0.15

Figure 2. A dum bb ell shap ed particle, N = 128.

0

0.2

0.4

0.6

0.8

1

1.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

R

1

t exact

n umerical

Figure 3. The inner radius R

1 of the concen tric circular region, as a function of t,

calculated from solving the full t w o-dimensional system and from solving the ODE

problem.

-1.5

-1

-0.5

0

0.5

1

1.5

-1 0 1 2 3 4 t=0.

t=0.25

t=0.5

t=0.749

t=0.89

t=0.952

t=0.955

(a)

-1.5

-1

-0.5

0

0.5

1

1.5

-1 0 1 2 3 4 t=1.13

t=1.38

t=1.63

(b)

Figure 4. Tw o initially circular particles with differen t radii, with mass transfer from

the smaller particle to the larger particle; N = 256; (a). early time b efore the smaller

particle disapp ears; (b). the circularizing of the surviving particle.

-0.01

-0.005

0

0.005

0.01

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

A Γ ß R

2

t particle 1

particle 2

(a)

-0.002

-0.0015

-0.001

-0.0005

0

0.0005

0.001

0.0015

0.002

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 x

c

Γ z

t particle 1

particle 2

(b)

Figure 5. Comparisons of the full equation solutions to the mo dified ODE solutions

in the case of t w o initially circular particles. (a). The comparison of areas; (b). the

comparison of cen ters of mass.

-2

-1

0

1

2

-3 -2 -1 0 1 2 3 4 5 t=0

t=0.12

t=0.30

(a)

-2

-1

0

1

2

-3 -2 -1 0 1 2 3 4 5 t=0.30

t=0.42

t=0.53

(b)

Figure 6. Tw o initially elliptic particles at differen t times, N = 384.

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

A(t)

t area of particle 1

area of particle 2

total area

(a)

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

A(t)

t area of particle 1

area of particle 2

total area

(b)

Figure 10. Areas of the particles in t w o differen t configurations, with the initial ellipse

rotated b y an angle of ß =8.

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=0

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=0.749

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=0.955

Figure 11. A four-particle system, with t w o smaller particles initially situated near

the particle in the cen ter, N = 512.

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=0

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=1.5

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=1.98

(a)

Figure 12. A four-particle system, with t w o smaller particles initially shifted a w a y

from the particle in the cen ter, N = 512. (a). Early time b efore the smaller particles

disapp ear.

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=2.03

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=2.29

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=2.79

(b)

Figure 12(b). A four-particle system, with t w o smaller particles initially shifted a w a y

from the particle in the cen ter, N = 512. (b). Later time after the smaller particles

disapp ear.

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=0

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=1.25

-3

-2

-1

0

1

2

3

-2 0 2 4 6 8 10

T=1.69

Figure 13. A four-particle system, with t w o smaller particles initially shifted further

a w a y from the rest of the group, N = 512. The middle particle is ab out to disapp ear

in the end of this calculation.

-3

-2

-1

0

1

2

3

-4 -3 -2 -1 0 1 2 3 4 t=0

t=0.25

t=0.5

t=0.75

Figure 14. Tw o pairs of particles with same areas and a symmetric configuration,

N = 512. The larger pair is ab out to touc h to w ards the end of this calculation.

-3

-2

-1

0

1

2

3

-4 -3 -2 -1 0 1 2 3 4 t=0

t=0.5

t=0.75

t=0.98

Figure 15. Tw o pairs of particles with differen t areas, N = 512. The larger particles

are ab out to touc h to w ards the end of the calculation.

-4

-3

-2

-1

0

1

2

3

4

-4 -2 0 2 4 6

T=0.375

(c)

Figure 17(c).

-4

-3

-2

-1

0

1

2

3

4

-4 -2 0 2 4 6

T=0.404

(d)

Figure 17(d).

-4

-3

-2

-1

0

1

2

3

4

-4 -2 0 2 4 6

T=0.615

(e)

Figure 17(e).