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IntroductionIntroduction
What is a Mach cone?What is a Mach cone?
The story of Mach cone is very old [about 2 hundred yearsThe story of Mach cone is very old [about 2 hundred years old]. old]. 
To understand the formation of Mach cone, let us consider an To understand the formation of Mach cone, let us consider an 
object moving (with a speed Vobject moving (with a speed Voo) in a dispersive medium (of ) in a dispersive medium (of 
acoustic speed Cacoustic speed Css), and  let  us  consider  three situations:), and  let  us  consider  three situations:

1.  V1.  Voo<C<Css:: The pressure pulses in front of the object are more The pressure pulses in front of the object are more 
closely spaced than those behind the object. This increases the closely spaced than those behind the object. This increases the 
frequency of the sound in front of the object, but decreases it frequency of the sound in front of the object, but decreases it 
behind the object. This is known as a  behind the object. This is known as a  Doppler Shift. Doppler Shift. 

2.  V2.  Voo=C=Css:: The pressure pulses in front of the object begin to pile The pressure pulses in front of the object begin to pile 
up one on another. This causes a sudden pressure change. This up one on another. This causes a sudden pressure change. This 
leads to the formation of a leads to the formation of a Shock Wave.Shock Wave.



3. V3. Voo>C>Css:: The object outThe object out--runs the generated pressure pulses. The runs the generated pressure pulses. The 
loci of these outloci of these out--runrun--generated pressure pulses form a cone: generated pressure pulses form a cone: Mach Mach 
conecone.  The region outside the cone: .  The region outside the cone: zone of silencezone of silence..

Mach opening angleMach opening angle
CCsstt VVo o t t 

The region inside the cone: The region inside the cone: zone of actionzone of action.  The angle that the cone .  The angle that the cone 
makes with the horizontal: makes with the horizontal: Mach opening angleMach opening angle.  .  The Mach The Mach 
opening angle is, opening angle is, theroretherore, defined as , defined as θθ=sin=sin--11(C(Css/V/Voo), ), sincesince
sinsinθθ==CCsst/Vt/Voott. . In our investigation,In our investigation, we replace we replace ccss by by ωω/k/k==VVpp

for different waves in different media of our interest.for different waves in different media of our interest.



How do MCs lookHow do MCs look--like?like?
•• The shape of Mac cones observed in a solid: aThe shape of Mac cones observed in a solid: a

bullet experiment performed by Mach himself:bullet experiment performed by Mach himself:



•• The patterns similar to Mach conesThe patterns similar to Mach cones
formed by a duck in a pond:formed by a duck in a pond:



•• The formation of Mach cones by a supersonic The formation of Mach cones by a supersonic 
aircraft in (space) gas:aircraft in (space) gas:



•• Experimentally observed (multiple) Mach conesExperimentally observed (multiple) Mach cones
in a dusty Plasma (in a dusty Plasma (SamsonovSamsonov et al 2000):et al 2000):



TTheory of heory of Mach ConesMach Cones
Space Space DPsDPs: Saturn’s Dusty Rings: Saturn’s Dusty Rings
We first consider the possibility for the formation of We first consider the possibility for the formation of 
Mach cones in Saturn’s dusty rings. The figure below: Mach cones in Saturn’s dusty rings. The figure below: 
mysterious spokes of Saturn’s Bmysterious spokes of Saturn’s B--ring: The ring: The trails of dust trails of dust 
grains: due tograins: due to the the eses repulsion between charged dust repulsion between charged dust 
particles and boulders.particles and boulders.



Dust Dynamics:  Dust Dynamics:  GravitoGravito--electrodynamicselectrodynamics
of dust in Saturn’s  rings:of dust in Saturn’s  rings:

r = dust particle position normalized by planet radius r = dust particle position normalized by planet radius RRpp; ; 
ωωcdcd= dust gyro= dust gyro--frequency; frequency; ΩΩkk = = KeplerKepler frequency; frequency; ΩΩpp = = 
planetary spin rate; ± = planetary spin rate; ± = progradeprograde ((reprogradereprograde) motion of ) motion of 
dust particles.dust particles.

This means that a large boulder and a small dust This means that a large boulder and a small dust 
particle will move at different speeds. The particle will move at different speeds. The 
difference in speeds difference in speeds VVdd is [is [HavnesHavnes et al. 1995] :et al. 1995] :

The angular speed ωd of negatively charged dust particles in 
Saturn rings [Mendis et al. 1982]:



•• DA DA Mach conesMach cones
The dispersion relation for DA waves propagating in DMP of The dispersion relation for DA waves propagating in DMP of 
Saturn’s rings is [Shukla & Mamun 2003]: Saturn’s rings is [Shukla & Mamun 2003]: 

where where ΓΓ0,10,1=I=I0,10,1exp(bexp(bii), I), I00 (I(I11) is the modified Bessel function of ) is the modified Bessel function of 
1st (2nd) order,  b1st (2nd) order,  bii=(k=(k┴┴ρρii))22, , CCDD==λλDiDiωωpdpd, and , and αα=1+(k=1+(k
λλDiDi))22+n+ne0e0TTii/n/ni0i0TTee. . 

For short wavelength limit (viz. bFor short wavelength limit (viz. bii>>1): >>1): ωω==kkCCDD//αα which is the which is the 
dispersion relation of dispersion relation of RaoRao et al. [1990].et al. [1990].

We have numerically analyzed We have numerically analyzed VVdd and and VVpp==ωω/k. The numerical /k. The numerical 
results can be interpreted as follows:results can be interpreted as follows:



Wavelength regimes of Wavelength regimes of DAWsDAWs for which Mach cones are formed for which Mach cones are formed 
in in DMPsDMPs of Saturnof Saturn’’s rings: r=2, ns rings: r=2, ni0i0= 10 cm= 10 cm--33, n, ne0e0=50 cm=50 cm--33, , 
TTee=30eV, =30eV, δδ=85 and underlined values for other parameters =85 and underlined values for other parameters 
[[Shukla & Mamun:  Phys. Shukla & Mamun:  Phys. LettLett.  A .  A 315315, 258 (2003), 258 (2003)]]..
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•• DM Mach ConesDM Mach Cones
The dispersion relation for three branches [viz. shear dust The dispersion relation for three branches [viz. shear dust 
AlfvénAlfvén waves, fast (+) and slow (waves, fast (+) and slow (--) ) magnetosonicmagnetosonic waves] of waves] of 
DM waves propagating in DMP of Saturn’s rings are [DM waves propagating in DMP of Saturn’s rings are [Mamun Mamun 
et al: JTP et al: JTP LettLett. (2003). (2003)]:]:

where Vwhere VAA= dust= dust--AlfvAlfvéén speed, Cn speed, CDD= dust= dust--acoustic speed, acoustic speed, λλii= ion= ion--
skin depth, and skin depth, and δδ= angle between = angle between kk and and BB00. . 

We have numerically analyzed We have numerically analyzed VVdd and and VVpp==ωω/k. The numerical /k. The numerical 
results can be interpreted as follows:results can be interpreted as follows:



Wavelength regimes of Wavelength regimes of DMWsDMWs for which Mach cones are for which Mach cones are 
formed in Saturnformed in Saturn’’s dusty rings: r=2, ns dusty rings: r=2, ni0i0= 10 cm= 10 cm--33, n, ne0e0=50 =50 
cmcm--33, , ZZdd=500, =500, rrdd=0.5 and underlined values for =0.5 and underlined values for otheothe
parameters [Mamun et al.: JEPT parameters [Mamun et al.: JEPT LettLett. . 7777,  541 (2003)].,  541 (2003)].
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Laboratory Laboratory DPsDPs
We consider Lab. DMP containing weakly coupled electrons andWe consider Lab. DMP containing weakly coupled electrons and
ions, and strongly correlated dust. We employ both QLC ions, and strongly correlated dust. We employ both QLC 
approximation (Rosenberg & approximation (Rosenberg & KalmanKalman 1997) and GH model (1997) and GH model (KawKaw & & 
SenSen 1998). The dispersion relation involving 1998). The dispersion relation involving ΨΨ==VVpp/V/Vdd is [is [Mamun et Mamun et 
al.: Phys. Rev. al.: Phys. Rev. LettLett. . 9292, 095005, 095005 (2004)(2004)]:]:

where where αα=1+(=1+(ωωpepe//ωωcece))22+(1+(1--ΛΛ00)/(k)/(kλλDiDi))22, , VVdd is used here as free is used here as free 
parameter,parameter, ΛΛ0,10,1=I=I0,10,1exp(bexp(bii), ), ωωpd, pd, ωωpepe, , ωωcece andand ωωcici are are dpdp, , epep, , ecec
and and icic frequencies, respectively. frequencies, respectively. 



For QLCA and GHM For QLCA and GHM D (k) D (k) can be approximated ascan be approximated as

where f=-[4(0.9+0.05(ad/λD)2]/45 for Γd>> 1 and d<< 
λD; ad=dust grain radius, d=inter grain radius, γd= 
adiabatic index, λD=effective Debye radius; λDd=dust 
Debye radius; µd=compressibility. 

We numerically analyzed, and found ψ=1 curves in (Vd, k) 
space for typical laboratory dusty plasma parameters for 
both QLC approximation and GH model. The numerical 
results can be interpreted as follows:



Vp/Vd=1 curves in (Vd, kρi) space for modified DAWs in a in a 
SCDP:  nSCDP:  nd0d0= 2X10= 2X1055 cmcm--33, , ZZdd=10=1033 cmcm--33, n, ni0i0= 3X10= 3X1099 cmcm--33, T, Tee=2 =2 eVeV, , 
TTii=1 =1 eVeV, T, Tdd=0.07 =0.07 eVeV, B, B00=10=1044 G, and rG, and rdd=0.3 =0.3 µµmm [Mamun et al: [Mamun et al: 
Phys. Rev. Phys. Rev. LettLett.  .  9292, 095005 (2004)]., 095005 (2004)].
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Summary Summary 
DA Mach cones in Space and Laboratory DA Mach cones in Space and Laboratory DPsDPs:: The The 
condition for the formation of DA Mach cones and prediction of  condition for the formation of DA Mach cones and prediction of  
their basic features, which are relevant to both space and their basic features, which are relevant to both space and 
laboratory laboratory DPsDPs [Shukla & Mamun: Phys. [Shukla & Mamun: Phys. LettLett A. (2003); Mamun A. (2003); Mamun 
& Shukla: & Shukla: GeophysGeophys. Res. . Res. LettLett.  (2004); Mamun and Shukla: .  (2004); Mamun and Shukla: 
Phys. Phys. ScriptaScripta (2005)].(2005)].

DM Mach cones in Space DM Mach cones in Space DPsDPs:: The condition for the The condition for the 
formation of DM Mach cones and prediction of their basic formation of DM Mach cones and prediction of their basic 
features, which are relevant to Saturn’s  dusty rings features, which are relevant to Saturn’s  dusty rings [Mamun, [Mamun, 
Shukla & Bingham: JETP Shukla & Bingham: JETP LettLett.  (2003); Shukla, Mamun & .  (2003); Shukla, Mamun & 
Bingham: Phys. Bingham: Phys. ScriptaScripta (2004); Mamun and Shukla: Phys. (2004); Mamun and Shukla: Phys. 
ScriptaScripta (2005)].(2005)].



DA Mach cones in strongly coupled laboratory DA Mach cones in strongly coupled laboratory DPsDPs: The : The 
condition for existence of DA Mach cones in strongly condition for existence of DA Mach cones in strongly 
coupled dusty plasma, and proposal for new lab. exp. coupled dusty plasma, and proposal for new lab. exp. 
[Mamun et al: Phys. Rev. [Mamun et al: Phys. Rev. LettLett.  (2004)]..  (2004)].

We finally hope that the theoretical predictions that we We finally hope that the theoretical predictions that we 
have presented here will be verified by new space and have presented here will be verified by new space and 
laboratory experiments.laboratory experiments.
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Last, but, of course, not the least, I would  like toLast, but, of course, not the least, I would  like to


