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Outline
• Using the simplest model that Alex won’t yell at me for, 

We’ll look at how 

• B-power to E-power ratio 

• and B and E slopes. 

• vary with Alfven and Sonic Mach Numbers 

• And on the actual sky with Planck 

• This is work in progress, feedback is welcome.



Slope and Ratio
• Variations from Real Life 

• From 11 degree patches from Planck, above l=35 deg. 

• Colors indicate statistical significance.
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1 Outline of the analysis

We evaluate the E-mode and B-mode maps using the LR63 (f e↵
sky = 0.63) mask. The resultant E-mode

and B-mode maps can be seen in Fig. 1.
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Figure 1: Top left depicts the Stokes Q map while the top right depicts the Stokes U map in the 353 GHz
Planck channel. The figure to the bottom left shows the E-mode map and that to the bottom right shows
the B-mode maps evaluated from the Stokes paramereters. Note that while evaluating the E-mode and
B-mode maps the ` < 40 multipoles have been removed.

To evaluate the local properties of polarized dust emission we closely follow the analysis presented
in [?]. We sample the statistics of polarized dust emission on an Nside=8 map and only work with
pixels whose galactic latitude satisfy the following criteria: |b| > 35�. For each pixel on the Nside=8
map satisfying this criteria, we generate a disc mask of 11.3� radius with a 2� apodization, centered
of the coordinate of the pixel, at a resolution of Nside=512. We apply this mask on the E-mode and
B-mode maps, following which we evaluate the local power spectra. We use the master algorithm to
correct for the partial sky coverage.

The error on the spectra are estimated via the following relation,

�C` =

s
2

(2`bin + 1)fsky�`

q
C1

` C2
` , (1)

C1
` C2

` = CFrg
` CFrg

` + CFrg
` CN1

` + CFrg
` CN2

` + CN1
` CN2

` (2)

where the C1
` and C2

` denote the auto-correlation power spectra derived from year-1 and year-2
measured maps. If the foreground field is to be treated as a non-stochastic field, then the relevant
errors on the power spectrum should only have contribution from noise and its chance correlation
with the foreground field. However the above estimate of error also includes the auto correlation
power spectrum due to the foreground. In this specific sense the errors on the power spectrum are
overestimated. This maybe particularly relevant to regions with strong foregrounds contribution,
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“Simplest” Thing to Do:
• MHD Turbulence in a Box. 

• Begins with Uniform Density, Magnetic Field. 

• Adds kinetic energy in large modes 

• Structures cascade to smaller scales by v.grad v 

• Density/Magnetic/Velocity correlations and spectra are 
self-consistent.  

• I already had some such simulations from some Molecular 
Cloud work…



Ms=9, Ma=9, 5123+4, CT

X X

Y Y
(Collins+2012)



Ms=9, Ma=9

X X

Y Y

Slope is good 
Ratio is Bad



Ms = 0.6, Ma = 0.3

Figure 4: E- and B-mode power spectra from our demonstration simulations at low resolution. Only the
central portion of the power spectrum is reliable, as the large-scale modes are dominated by the driving
pattern, and the small-scale modes are dominated by numerical dissipation. The boxes in this example are
scale-free, and not yet matched to a realistic mock observation, so the multipole ` is not to be taken literally,
only the scaling. Left: spectra from the simulation in Fig. 3 with M = 0.6 and MA = 0.3, which produces
more E power than B, but has much steeper slope than observed by Planck. Right: spectra from a molecular
cloud-type simulation with M = 9 and MA = 0.5, 2, and 20 for red, green, and blue lines, respectively.
This simulation is closer to the Planck-observed slope of a ⇠ �2.4 but has equal amounts of E and B.

available in the warm, cold, and molecular phases of the ISM, and will serve to isolate the contributions to
the E and B signals from each. The galactic foreground along any given line of sight will be a superposition
of these phases. In order to probe both lower ` modes and more accurately represent the full ensemble of
states in the local bubble, we will also perform a series of small boxes that model the vertical stratification
and multi-phase nature of the local ISM.

The Large Box set of simulations will give us a full-sky picture of the foregrounds. The Sun sits in a bubble
of hot, ionized gas that is shaped by recent, nearby supernovae explosions and the resulting turbulence
(Redfield and Linsky, 2004; Breitschwerdt et al., 2009; Welsh and Lallement, 2012). The left panel of Figure
5 shows a slice of the dust opacity centered on the Sun, and indicates the local bubble and local chimney.
The Large Box suite of simulations will use 1 kpc cubes with a fixed resolution of 10243, bisected by the
Galactic plane. The top and bottom of the box (above and below the plane) will have open boundary
conditions, while the sides will be periodic. For the simulations, we will use a mean magnetic field of 6 µG,
typical of the local ISM (Redfield and Linsky, 2004). The gas will have mean temperature of 6000 K, but
thermal instability can cool the gas to ⇠ 20 K. As the gas cools, both thermal and Alfvén Mach numbers will
vary significantly. We will use a fixed, Eulerian grid since this work will target turbulent structures, which
are essentially space filling (e.g. Kritsuk et al., 2007). Turbulent deformation can enhance the magnetic
field, and Andersson and Potter (2006) measured 8 µG in the wall of the local bubble, larger than the
volume-weighted mean. We will include gravity from the Galactic plane’s potential (Hennebelle and Iffrig,
2014), which serves to segregate and confine cold gas and dust near to the plane. Ongoing simulated star
formation will yield supernova explosions that drive the turbulent mixing. Such simulated supernovae will
naturally open up bubbles in the plane, which will make the viewpoints for our mock observations.

We will include only the minimal physics that can deliver the bulk properties of the high-latitude dust
microwave polarization, so that we may study its statistics. Although the structures of simulated galactic
disks are sensitive to the input chemistry and physics (e.g. Walch et al., 2015), we are not trying to deliver a
fully self-consistent simulation of the galaxy.

We will make synthetic emission maps from points of view inside representative hot bubbles, mimicking
our perspective from inside the local bubble. These will be made with the publicly available code yt (Turk

6

Figure 3: A simplified demonstration of our turbulent MHD simulations, where the dust is assumed to
follow the gas. In this example, the box is scale-free and characterized by Mach number M = 0.6 and
Alvén Mach number MA = 0.3. Color indicates the projected density. Vectors show the magnetic field
direction, which tends to align with fiber-like structures.

contribute to the foreground. We will employ periodic 10243 boxes with turbulence driven near the box
scale (Mac Low et al., 1998). Driving will continue until statistical steady state is reached in both magnetic
and kinetic energies. In ideal MHD gas that is not self-gravitating, two key parameters fully characterize
the fluid flow. These are the Mach number, M = v/cs, and the Alfvén Mach Number, MA = v/vA, where
v is the rms velocity in the gas, cs is the sound speed, and vA is the Alfvén velocity (the typical speed of a
combined electromagnetic-hydrodynamic perturbation propagating along a magnetic field).

We have run demonstration simulations at 2563 resolution, as shown in Fig. 3. Although in these simu-
lations energy is injected only on large scales, the turbulent cascade creates a power law distribution of
fluctuations in harmonic space. In these demonstrations, we assume that dust follows the gas and is per-
fectly aligned to the magnetic field, but will relax these assumptions in the future. From the dust density
and magnetic field, we project the Stokes parameters of polarized dust emission, then convert to E- and
B- modes. Because the filamentary structure tends to follow the magnetic field (which also organizes the
polarization) we see that the E-mode power exceeds the B-mode power (Fig. 4, left panel), as seen in Planck
Coll. Int. XXXVIII et al. (2016), although here by a factor five rather than the observed factor two, and the
slope of the power law is steeper than observed in Planck Coll. Int. XXX et al. (2016). In other simulations
with different Mach numbers, we come closer to the power spectral slope found on the sky (Fig. 4, right
panel), but find nearly equal amounts of E- and B-mode power. Even though these demonstrations are
low resolution and approximate the dust properties, it is clear that the turbulent cascade is causing power
law-like E/B spectra and can cause E power to exceed B power.

As these Mach parameters vary broadly in the ISM, we will perform a parameter survey of 9 simulations
at 10243 resolution, with M = 0.5, 1, 2 and MA = 0.5, 0.7, 2. This range covers the major classes of flows

5

Slope is good 
Ratio is Good



Vary Ma, Ms, Gamma

X

X

X

Y

High Sonic Mach, 
High Alfven Mach

Low Sonic Mach, 
Low Alfven Mach



Fake Data: 27(ish) sims
• Enzo, Driven MHD Turbulence 

• Some Dedner, some CT 

• 512^3/256^3 

• Ma, Ms vary (Please remind me if this hasn’t been sufficiently 
described) 

• Three EOS: Actually Isothermal: Gamma=1.001; Gamma=5/3 

• Driven at large scale  

• 2/3 power in Solenoidal modes (mostly) 

• Stochastic forcing of Federrath. et al 2008 (mostly)



Several series of runs
• ax 512 CT Isothermal (crashed, so, grain of salt) 

• ac 512 dedner 1.001 

• ab 256 dedner 1.001 

• aa 256 dedner 5/3 

• az 512 dedner 5/3 

• b  512+4 levels of AMR, CT, Isothermal, Gravity



Parameter Space: Target
• Ma =  

Velocity vs  
Magnetic Velocity  
V/(B/sqrt(rho)) 

• Mach =  
Velocity vs.  
Sound Velocity  
V/Cs, Cs2=T 

• Plasma Beta = 
Thermal Pressure vs. 
Magnetic Pressure  
(rho T/B^2)

M
or

e 
Fi

el
d

More Velocity



Parameter Space: Target
• Ma2=<v2>/<va2> 

• Kandel+2017: Ma<0.5 

• Density and Magnetic 
distributions and 
correlations increase to 
the bottom right (e.g. 
Burkhart et al 2009) 

• Cost increases to the 
bottom right. 

• Not all of these points are 
finished cooking, so, 
grain of salt.



Parameter Space: Actual
• Look at 

individual 
snapshots for 
t> 1 tcross. 

• Rather than 
averaging.



Variation of Slope and Ratio 
with
• Viewing Angle 

• Alfven Mach Number 

• Mach Number



Viewing Angle: Ratio
• 2d plot, X 

• Ratio is all clustered around 1.

Only from X projections, along the mean field. 
Clusters heavily around ONE.

More Field, Less Velocity



Viewing Angle: Ratio
• 2d plot, X 

• Ratio is all clustered around 1.

Only from Y projections.  Now many sims DO 
cluster around 0.5

More Field, Less Velocity



Why?
• Very Sub-Alfvenic, Trans-Sonic



Alfven Mach Number
• 2d plot, X 

• Ratio is all clustered around 1.

Same plot, but now we talk about the 
Alfven Mach Number.  Clearly low Ma is 
necessary but not sufficient.

More Field, Less Velocity



Alfven Mach Number
• 2d plot, X 

• Ratio is all clustered around 1.

What’s up with these ones?

More Field, Less Velocity



Parameter Space: Actual
• They’re all a lot 

supersonic 

• The green ones 
are not Sub-
Alfvenic enough 
(?)



Alfven Mach Number vs. Slope

More Field, Less Velocity

Can’t say much?  More in a second.



Mach Number: Slope

Almost an increasing trend. 
What about these?



Mach Number: Slope

Almost an increasing trend. 
What about these?



Mach Number: Slope

These have gamma 5/3. 
Less compressible.



Put it all together
• Is 

disappointing. 

• We get nothing 
at the 
crossroads. 

• Why? 

• Resolution/
simulation 

• Physics



1 Outline of the analysis

We evaluate the E-mode and B-mode maps using the LR63 (f e↵
sky = 0.63) mask. The resultant E-mode

and B-mode maps can be seen in Fig. 1.
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Figure 1: Top left depicts the Stokes Q map while the top right depicts the Stokes U map in the 353 GHz
Planck channel. The figure to the bottom left shows the E-mode map and that to the bottom right shows
the B-mode maps evaluated from the Stokes paramereters. Note that while evaluating the E-mode and
B-mode maps the ` < 40 multipoles have been removed.

To evaluate the local properties of polarized dust emission we closely follow the analysis presented
in [?]. We sample the statistics of polarized dust emission on an Nside=8 map and only work with
pixels whose galactic latitude satisfy the following criteria: |b| > 35�. For each pixel on the Nside=8
map satisfying this criteria, we generate a disc mask of 11.3� radius with a 2� apodization, centered
of the coordinate of the pixel, at a resolution of Nside=512. We apply this mask on the E-mode and
B-mode maps, following which we evaluate the local power spectra. We use the master algorithm to
correct for the partial sky coverage.

The error on the spectra are estimated via the following relation,

�C` =

s
2

(2`bin + 1)fsky�`

q
C1

` C2
` , (1)

C1
` C2

` = CFrg
` CFrg

` + CFrg
` CN1

` + CFrg
` CN2

` + CN1
` CN2

` (2)

where the C1
` and C2

` denote the auto-correlation power spectra derived from year-1 and year-2
measured maps. If the foreground field is to be treated as a non-stochastic field, then the relevant
errors on the power spectrum should only have contribution from noise and its chance correlation
with the foreground field. However the above estimate of error also includes the auto correlation
power spectrum due to the foreground. In this specific sense the errors on the power spectrum are
overestimated. This maybe particularly relevant to regions with strong foregrounds contribution,

2

E/B
• Come from Q,U 

• Inherently correlations between field alignment and 
density. 

• 353 GHz

(Rotti et al 2018)



1 Outline of the analysis

We evaluate the E-mode and B-mode maps using the LR63 (f e↵
sky = 0.63) mask. The resultant E-mode

and B-mode maps can be seen in Fig. 1.
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Figure 1: Top left depicts the Stokes Q map while the top right depicts the Stokes U map in the 353 GHz
Planck channel. The figure to the bottom left shows the E-mode map and that to the bottom right shows
the B-mode maps evaluated from the Stokes paramereters. Note that while evaluating the E-mode and
B-mode maps the ` < 40 multipoles have been removed.

To evaluate the local properties of polarized dust emission we closely follow the analysis presented
in [?]. We sample the statistics of polarized dust emission on an Nside=8 map and only work with
pixels whose galactic latitude satisfy the following criteria: |b| > 35�. For each pixel on the Nside=8
map satisfying this criteria, we generate a disc mask of 11.3� radius with a 2� apodization, centered
of the coordinate of the pixel, at a resolution of Nside=512. We apply this mask on the E-mode and
B-mode maps, following which we evaluate the local power spectra. We use the master algorithm to
correct for the partial sky coverage.

The error on the spectra are estimated via the following relation,

�C` =

s
2

(2`bin + 1)fsky�`

q
C1

` C2
` , (1)

C1
` C2

` = CFrg
` CFrg

` + CFrg
` CN1

` + CFrg
` CN2

` + CN1
` CN2

` (2)

where the C1
` and C2

` denote the auto-correlation power spectra derived from year-1 and year-2
measured maps. If the foreground field is to be treated as a non-stochastic field, then the relevant
errors on the power spectrum should only have contribution from noise and its chance correlation
with the foreground field. However the above estimate of error also includes the auto correlation
power spectrum due to the foreground. In this specific sense the errors on the power spectrum are
overestimated. This maybe particularly relevant to regions with strong foregrounds contribution,

2

Examine Variation
• Cut small patches, fit E&B spectra 

• 11.3 deg disks 
512 pixels 

• b> 35 deg

(Rotti et al 2018)



Some variation
• Slopes and Ratios for various noise cuts,  

two fit methods

where the error may be dominated by the foreground power spectrum term. These regions may show
up as regions with large foreground amplitudes but surprisingly low SNR assignment.

Given the power spectrum and the error estimate on it, we fit the power law spectral shapes. We
carry out two separate fitting procedures,

• We fix the slope of the spectra (↵ = �2.43) to that inferred from the global analysis. We find the
best fit amplitude [Asc] for each region of the sky defined by the centers of pixels on a Nside=8
map.

• We treat both the slope and the spectral amplitude as free parameters for each region of the
sky. We find the best fit parameters [A, ↵] for each region of the sky defined by the centers of
pixels on a Nside=8 map.

For carrying out the fitting procedure we use the in built python routine ”scipy.optimize.curve fit”,
which takes the measured spectrum, the error on the spectrum and the model spectrum as input
and returns the best fit parameters and the covariance for the parameters. For the case of the two
parameter fit, we are currently working only with the diagonals of the covariance matrix for the
parameters, in e↵ect treating these parameters as being independent1.

In the following analysis, we will be imposing SNR cuts to reduce the scatter dominantly driven
by noise in the data. The SNR cuts imposed on Asc are easy to interpret, since that is the only free
parameter. However while working with the two parameter fits, one needs to bear in mind the caveat
that the fitted slope and the amplitude are likely to be correlated, more so in regions where the SNR
is low. While searching for deviant amplitude scaling relations (ABB = 0.53AEE) we impose SNR
cuts on Asc. While searching for regions which deviate from the spectral slope (↵ = �2.43) inferred
from the global analysis, we only search in regions where Asc is detected at a specified SNR threshold.

2 Statistics of amplitude and slope

The histograms of the fitted amplitude and slope for the E and B mode spectra fitted on di↵erent
portions of the sky are depicted in Fig. 2. The histograms are purposefully plotted without nor-
malization, since the heights of the histograms indicate the number of pixels which satisfy the SNR
thresholds.
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Figure 2: The figure on the left and in the middle depicts the histogram of ratio of B-mode amplitude
to E-mode amplitude for di↵erent SNR cuts. While the figure on the left is that of amplitudes fitted for
a fixed slope, the figure in the middle depicts the ratio of amplitudes when the slopes of the spectra are
allowed to vary. The figure on the right depicts the histogram of fitted spectral slopes for di↵erent SNR
cuts. The specifics of the SNR cuts are indicated in the figure legends.

While the histogram of amplitude ratio peaks at the empirically expected value of 0.53, it clearly
shows a high end tail, indicating regions which have power in B-modes greater than expected from

1This analysis will be refined in a future version of the analysis, where we will work with the full parameter covariance
and estimate the errors from the marginalized distributions.
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to read the value of the fitted amplitudes, slopes, galactic coordinates etc. for each of

the regions.
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Figure 7: ABB
sc > fAEE

sc

4 Are there regions of the sky where the spectral slope

deviates from ↵ ' �2.43 ?

Fig. 8 depicts the spectral slope for regions of the sky where the polarized dust foreground signal
has been measured at a high statistical significance. On these maps we search for pixels where the
distance between the measured slope and the global slope is statistically significant: |↵+2.43|

�↵
> 3.5

We note that most of the regions with a deviant slope are seen to have a shallower spectrum
(↵ > �2.43).

6

to read the value of the fitted amplitudes, slopes, galactic coordinates etc. for each of

the regions.

` =16.88�

b =-30.0�

pix =561

AB < 0.53AE ; d :92.5±26.3

0 5e+03

T E B Q U E(B-V) E power B power NH CO

Figure 6: ABB
sc < fAEE

sc

T E B Q U E(B-V) E power B power NH CO

Figure 7: ABB
sc > fAEE

sc

4 Are there regions of the sky where the spectral slope

deviates from ↵ ' �2.43 ?

Fig. 8 depicts the spectral slope for regions of the sky where the polarized dust foreground signal
has been measured at a high statistical significance. On these maps we search for pixels where the
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We note that most of the regions with a deviant slope are seen to have a shallower spectrum
(↵ > �2.43).
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to read the value of the fitted amplitudes, slopes, galactic coordinates etc. for each of

the regions.
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4 Are there regions of the sky where the spectral slope

deviates from ↵ ' �2.43 ?

Fig. 8 depicts the spectral slope for regions of the sky where the polarized dust foreground signal
has been measured at a high statistical significance. On these maps we search for pixels where the
distance between the measured slope and the global slope is statistically significant: |↵+2.43|

�↵
> 3.5

We note that most of the regions with a deviant slope are seen to have a shallower spectrum
(↵ > �2.43).

6

Too Much E: B/E = 0.34

Temperature CONeutral Hydrogen

(figure 6 top row)



Too Much B: B/A = 0.77

Temperature CONeutral Hydrogen

to read the value of the fitted amplitudes, slopes, galactic coordinates etc. for each of

the regions.
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4 Are there regions of the sky where the spectral slope

deviates from ↵ ' �2.43 ?

Fig. 8 depicts the spectral slope for regions of the sky where the polarized dust foreground signal
has been measured at a high statistical significance. On these maps we search for pixels where the
distance between the measured slope and the global slope is statistically significant: |↵+2.43|

�↵
> 3.5

We note that most of the regions with a deviant slope are seen to have a shallower spectrum
(↵ > �2.43).
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has been measured at a high statistical significance. On these maps we search for pixels where the
distance between the measured slope and the global slope is statistically significant: |↵+2.43|
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We note that most of the regions with a deviant slope are seen to have a shallower spectrum
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Wrong Slope: alpha_B=-1.8, alpha_E = -1.5
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AB/AE = 0.52 (figure 10 top row)



In one plot
• Colors indicate statistical significance.
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General Takeaway
• Matching B/E ratio requires Sub-Alfvenic Turbulence.  

• Makes intuitive sense: more H, more long skinny things, more flow along the 
field. 

• Perhaps this is not sufficient? 

• Matching slope requires supersonic motions, very compressible (Gamma < 1, or 
perhaps a more reasonable equation of state) 

• Could Be 

• Compressibility and power ratio work against one another? 

• Resolution?  

• Missing Physics? 

• PEBKAC? 

• What conditions do you need? 

• I also don’t know, but I know some things that don’t work.


