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Orion nebula
Astrophysical fluids

turbulence + B

System size > lmfp  
Fluid approximation seems to be OK

We can use MHD for astrophysical turbulence



Example of MHD turbulence : ISM

 

Slope ~ -5/3
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From Armstrong, Rickett & 
Spangler(1995)

ISM Turbulence Spectrum

Chepurnov & Lazarian 2009

Scincillations 
and scattering

Density fluctuations

WHAM emission: density fluctuations

Chepurnov & 
Lazarian (2010)

The ISM is filled with 
(MHD) turbulence!
 So is the Galactic halo!



Other examples of MHD turb. in diffuse media
-I SM:  Hei l es & Tr ol and (03,  05) ,…
        t al ks by E.  Fal gar one,  T.  I noue,  D.  Pogosyan
-Cor es/Di sks:  t al ks by E.  de Gouvei a Dal  Pi no,  M.  Fl ock,  
        R.  Baner j ee,  M.  Leao,  E.  Vazquez-Semadeni ,…
-Gal axi es/I CM/I GM/et c:  t al ks by M.  Hanasz,  T.  Jaf f e,  M.  
Machi da,
         K.  Ot mi annowska-Mazur ,  T.  Akahor i ,  A.  Ber esnyak,  
         A.  Esqui vel ,  B.  Bur khar t ,  D.  El st ner ,  K.  Dol ag,  
H.  Yan,
         R.  Schl i ckei ser ,  D.  Fal cet a-Goncal ves,  R.  Sant os-
Li ma,
         D.  Schl ei cher ,  …
-SMC:  St ani mi r ovi c & Lazar i an (01)
            Vel .  Channel  Anal ysi s (Lazar i an & Pogosyan 
00,  04) :
         Esqui vel  & Lazar i an (05) :  Modi f i ed Vel .  
Cent r oi d 
         Chepur nov & Lazar i an (07)  
            Vel .  Coor di nat e Spect r um (Lazar i an & 
Pogosyan 06) :
         Bi spect r um (Bur khar t + 10)  
-…

MHD turbulence is ubiquitous!



Foregrounds: do they matter?
   e.g.) CMB observations (~GHz)

CMB

map.gsfc.nasa.gov

spinning 
dust



Topic 1: Foregrounds can be understood!
Example: synchrotron foreground

 Synchrotron emission:
  S(r) ~ ncrB2(r)

    spatial spectrum of S(r)

~ spatial spectrum of B2(r)

~ spatial spectrum of B(r)  MHD turbulence

 We know MHD turbulence!.
inside turb.: Goldreich & Sridhar (1995: incompressible); 

              Lithwick & Goldreich (01: high β);

              Cho & Lazarian (02,03: low β)

outside turb.: For many problems, Kolmogorov is OK.



Expected angular spectrum

Haslam et al (1982)
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spherical harmonics Yl,m

l

Cl

l ~ 180o/θo

Note: k ~ 2π/x in flat space.
So, Cl ~ |f(k)|2 in flat sp.



Observations   (Cl ~ l-α)

disk halo



Our model

~flat geometry
⇒Cl ~ E3D(k)
⇒e.g. l-11/3 for

    Kolmogorov

Cl ~ l-1  

Analytical studies:Lazarian & Shutenkov (1990)



Spectrum of a projected quantity: e.g.) Bproj=

2π

  Fourier transform of projected B
 ∝ k||=0 plane in k space    P(k)∝k-11/3 if Kolmogorov  

                   

k||
2π

projected B||
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Our model
Galactic plane

eddies

halo ~ small θ limit

disk~ large θ limit

100pc

~10kpc

~1kpc
(for θ < 6o; or l>30)

(for θ > 0.6o; or l<300)



Result (simple model)

Cho & Lazarian 2002



More results (stratification effect, etc.)

Cho & Lazarian 2010



Topic 2: Aligned dust and polarized CMB

Emission from aligned dust is the most strongest 
foreground for polarized CMB signals in K-band

Stronger

B

Aligned grains emit polarized FIR/sub-mm. 



Spectrum?



Spectrum of starlight polarization: method

B  power law spectrum



Equations

See, for example, Martin (1972)



Result:

Note: EE signal > dust foreground for large l’s

Cho & Lazarian (2010)



Topic 3: Removal of foregrounds

l

foreground

CMB signal

Observed signal



“Foregrounds > CMB” doesn’t mean that we 
cannot study CMB!

CMB

map.gsfc.nasa.gov

spinning 
dust



Foreground removal: demonstration



Result



Method: estimation of errors

We calculate all possible extrapolations here
 Then we calculate probabilities

We want to know 
the error here

l

Cl



Result: errors



Topic 4. Removal of redshifted 21-cm foreground

synchrotron

Q: How can we 
remove foreground?

> 104 times



Our approach Foreground: highly correlated
21-cm: not correlated

~N2

~N



Basic idea

÷ N2
Cl of each channel

  Cl of 21-cm 
=combined Cl 

             - Cl
avg 

           ???



Cl
avg : What is it?

T0 + a(ν1-νc)

T0 + a(ν2-νc)

νc  T0 

T0 + a(νN-1-νc)

T0 + a(νN-νc)

= T0



Can we use (Cl) – Cl
avg ?

T0 + a(ν1-νc) + T21(ν1)

νc  Cl(ν1)=|T0 |2 + 2T0 a*(ν1-νc)+Cl
21cm(ν1)

(Actually, |T0 + …|2)
After some algebra,



Better expression:

νc 

Cl=Cl
avg + 2T0 a*(ν1-νc)+Cl

21cm

Cl=Cl
avg + 2T0 a*(ν2-νc)+Cl

21cm

Cl=Cl
avg + 2T0 a*(νN-1-νc)+Cl

21cm

Cl=Cl
avg + 2T0 a*(νN-νc)+  Cl

21cm

Cl=Cl
avg +                        Cl

21cm



Better expression:

T0 + a(ν1-νc)+b(ν1-νc)2

T0 + a(ν2-νc)+b(ν2-νc)2

νc  T0 

T0 + a(νN-1-νc)+b(νN-1-νc)2

T0 + a(νN-νc)+b(νN-νc)2



What about noise?

νc 

Then we apply our method



Conclusion

 Foregrounds can be understood 
 With accurate foreground models, we can 

recover true CMB spectra
 We developed a new method for removing 

the foreground of red-shifted H21 signal 
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