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The Problem

ESA/ LFI & HFI Consortia

Magnetized Galactic dust also emits polarized microwaves

CMB dust emission removal: 
• Map at high frequencies 

(dust dominates)
• Subtract from lower frequencies

(CMB dominates)

dust CMB



Tassis & Pavlidou 2015

Polarization ROTATES between frequencies 
because of multiple clouds and misaligned B-fields

“Map & Subtract” cannot work with 
polarization



Tassis & Pavlidou 2015

frequency decorrelation most unconstrained effect 
Planck Collaboration L 2017, Poh & Dodelson 2017, Hensley & Bull 2017, Puglisi et al 2017, 

Martizez-Solaeche et al. 2017, Planck Collaboration XXX 2016, Planck 2018 results. XI., 
BeyondPlanck XIV. 2021, Mangilli et al. 2021, etc.

Polarization ROTATES between frequencies 
because of multiple clouds and misaligned B-fields

“Map & Subtract” cannot work with 
polarization



LOS Decorrelation in Planck data

21cm data to the rescue!

• # of clouds along the los 
(Panopoulou & Lenz 2020) 

• direction of B-field from 
morphology of H clouds 
(Clark & Hensley 2019)

Control ➔ 1 cloud = no LOS decorrelation expected 
Target  ➔ multiple clouds + missaligned = LOS decorrelation expected
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LOS Decorrelation in Planck data
North South

Control ➔ 1 cloud = no LOS decorrelation expected 
Target ➔ multiple clouds + missaligned = LOS decorrelation expected



LOS Decorrelation in Planck data

D ≡ S({∆s(ψ353,ψ217)})
Pelgrims et al. 2021



LOS Decorrelation in Planck data

Pelgrims et al. 2021



• Use stars of known distances as lamp posts

• Measure stellar polarization
ü get B direction in different clouds 
ü measure and model out 3D effects 

The Solution: 3D Magnetic Tomography 
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ü get B direction in different clouds 
ü measure and model out 3D effects 

The Solution: 3D Magnetic Tomography 

Possible for the first time



PASIPHAE optopolarimetric survey

PASIPHAE survey area

PASIPHAE survey sites

Skinakas Observatory, Crete, Greece

SAAO, Sutherland, South Africa



The PASIPHAE survey:

Ø Will observe all stars with Rmag ≤ 16 

Ø Will deliver mean polarization down to 0.1% at 3σ for 0.25 
deg2 pixels 

Ø Survey rate: 8 deg2/night  (Skinakas 1.3m ) -- 7 deg2 /night 
(SAAO1.0 m) assuming 70% efficiency 

Ø ~ 1,500 deg2 / yr



PASIPHAE optopolarimetric survey

Measure polarization of several million stars 



PASIPHAE optopolarimetric survey

Measure polarization of several million stars 



WALOPs: the PASIPHAE polarimeters

Wide Area Linear Optical Polarimeter (WALOP)
• Innovative and well-tested technology of RoboPol
• Implements low-systematics design in a wide field
• Commissioning by the end of the year 

WALOP - S WALOP - N



Polarization Systematics

RoboPol standards program



Tomography

Panopoulou et al. 2019



Improving CMB foreground subtraction 

ü Now: modified-black-body model is fitted in each pixel (using e.g. Planck 
data)

ü With PASIPHAE: fit one modified-black-body model for each cloud, using:
B-field direction from PASIPHAE/Gaia + Planck data (T) 

+ cloud edges, column density from all-sky HI surveys 

A&A 576, A106 (2015)

Fig. 6. Scatterplots of data for the selected lines of sight (Left: extinction; Right: submillimetre emission). Polarization degree pV and intensity PS
were debiased with the Modified Asymptotic method (Plaszczynski et al. 2014). We note the variable that has the larger error in each plot: in the
visible, ⌧V (x axis); in the submillimetre, PS (y axis). In the left panel, the line (blue) represents the “classical” upper envelope, pV = 0.0315 ⌧V

(Serkowski et al. 1975). This upper envelope has been transferred to the right panel using the derived value for RS/V .

Fig. 7. Left: correlation of polarization fractions in emission with those in extinction for the joint fit in Q (black) and U (blue). Using Eq. (14)
the best linear fit (red line) has slope and y-intercept �4.13 ± 0.06 and 0.0006 ± 0.0007, respectively. The Pearson correlation coe�cient is �0.93
and �2

r = 1.64. Right: correlation of polarized intensity in emission (MJy sr�1) with the degree of interstellar polarization. Using Eq. (15), the
best linear fit (red line) has slope and y-intercept (�5.32 ± 0.06) MJy sr�1 and (0.0020 ± 0.0009) MJy sr�1, respectively. The Pearson correlation
coe�cient is �0.95 and �2

r = 2.29. Lines for the independent fits to Q (black) and U (blue) are also shown.

0.0060±0.0010 and �0.0014±0.0009. For the RP/p fit, the slopes
are (�5.17 ± 0.09) MJy sr�1 and (�5.07 ± 0.13) MJy sr�1 and
the y-intercepts are (0.0077 ± 0.0013) MJy sr�1 and (�0.0016 ±
0.0013) MJy sr�1. In both cases the y-intercepts are small com-
pared to the dynamic range in Q and U (see Fig. 7). The uncer-
tainties quoted were derived in the standard way from the qual-
ity of the fit. As reinforced by our bootstrapping analysis below
(Sect. 6.2), the results of these independent fits are compatible
with our hypothesis that the two correlations are measuring the
same phenomenon, and furthermore reflect the quality of the se-
lected data. See also Appendix C.4 for a comparison with the fits
in P.

Fourth, given this satisfactory consistency check, measur-
ing the polarization ratios from the correlation of the joint data
(Q,U) is both motivated and justified. We compute the linear

(y = ax + b) best fit to the data by minimizing a �2, which for
the joint fit has the form13

�2(a, b) =
X

i

V(a, b) M(a, b)�1
V(a, b)T,

with

V(a, b) = (QS/IS � a qV/⌧V � b,US/IS � a uV/⌧V � b) ,

M(a, b) =
 

CQ/I,Q/I + a
2�2

qV/⌧V

CQ/I,U/I

CQ/I,U/I CU/I,U/I + a
2�2

uV/⌧V

!
, (14)

13 The x and y coordinates can be inverted in the fitting routine without
a↵ecting the measure of the polarization ratio.

A106, page 8 of 17

Planck Intermediate results XXI (2015)

Is polarization due to absorption 
predictive of emission polarization?

YES!

emission, absorption Q,U are tightly 
correlated

3-d effects can account for most of 
scatter
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Getting the value of the B-field

Without Alfvén waves 
(𝑩!"! = 𝑩#)

With Alfvén waves 
(𝑩!"! = 𝑩# + 𝜹𝑩)
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MHD waves – Alfvén waves

Standing waves Traveling waves

Credit: H. Spruit
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DCF method - quantitatively

𝐵$

8𝜋
=

1
8𝜋

𝛣#$ + 2 𝜹𝜝 , 𝜝𝟎 + 𝛿𝛣$

Magnetic energy density

Alfvén waves transverse:
𝜹𝑩 ⊥ 𝑩𝟎 ⟹ 𝜹𝜝 , 𝜝𝟎 = 0

1
2
𝜌𝛿𝑣$ =

𝛿𝐵$

8𝜋

𝐵# = 4𝜋𝜌
𝛿𝑣

δΒ/𝐵#

Energy Balance
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Contamination from compressible modes

• Alfvén waves are coupled with the compressible modes
Heyvaerts & Priest 1983

• Diffuse ISM clouds are highly compressible with Ms ~ 3
Heiles & Troland 2003

• Compressible modes contribute in δv and 𝛿𝛣/𝐵!
Cho & Lazarian 2002

Credit: H. Spruit
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Our method

𝐵$

8𝜋
=

1
8𝜋

𝛣#$ + 2 𝜹𝜝 , 𝜝𝟎 + 𝛿𝛣$

• Magnetic energy density

𝑩 = 𝑩# + 𝜹𝑩
• Magnetic field vector

• Alfvén waves transverse
Goldreich & Sridhar 1995

Alfvénic turbulence

𝜹𝑩 ⊥ 𝑩𝟎 ⟹ 𝜹𝜝 , 𝜝𝟎 = 0

𝐵$

8𝜋
=

1
8𝜋

𝛣#$ + 2 𝜹𝜝 , 𝜝𝟎 + 𝛿𝛣$

• Magnetic energy density

𝑩 = 𝑩# + 𝜹𝑩
• Magnetic field vector

• Compressible wave poroperties
Bhattacharjee & Hameiri (1988), Bhattacharjee et al. 

(1998)

Compressible turbulence

𝛿𝜌 ∝ 𝜹𝜝 , 𝜝𝟎 ⟹ 𝜹𝜝 , 𝜝𝟎 ≠ 0

0th 1st 2nd
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Our method 

Alfvénic turbulence Compressible turbulence

&
$
𝜌𝛿𝑣$ = '(!

)*

𝑉+,# = 𝛿𝑣
𝛿Β
Β#

&
$
𝜌𝛿𝑣$ = '- -"

.*

𝑉+,# = 𝛿𝑣
2𝛿Β
Β#

Davis 1951, Chandrasekhar & Fermi 1953

-1 -1/2

Skalidis & Tassis 2021
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Comparison between the different methods

• The absolute mean relative 
deviation of our method is:
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Skalidis & Tassis 2021

• MA=0.7 for every 
model



• 3-D Tomographic Map of Galactic B-field:

ü What is the origin of Galactic B-field?
ü Is the B-field dynamically important in 

interstellar clouds?
ü Where are ultra-high-energy cosmic rays 

coming from?

Wider Impact

credit: Ntormousi et al. 2020



• 3-D Tomographic Map of Galactic B-field:

ü What is the origin of Galactic B-field?
ü Is the B-field dynamically important in 

interstellar clouds?
ü Where are ultra-high-energy cosmic rays 

coming from?

• Polarimetric Database

ü Stellar Astrophysics
ü High-energy astrophysics

Wider Impact

credit: McSwain 2014

BlazarJet 

Part B – page 3 of 30  

B1. SCIENTIFIC AND TECHNOLOGICAL QUALITY (Maximum 7 pages) 

B1.1 Research and technological quality, including any interdisciplinary and multidisciplinary 

aspects of the proposal  

General Background 

Blazars are the most active of galaxies. They are 

powered by relativistic jets of matter speeding towards 
us almost head-on at the speed of light, radiating 

exclusively through extreme, non-thermal particle 

interactions, energized by accretion onto supermassive 
black holes. Despite intensive observational and 

theoretical efforts over the last four decades, the details 

of blazar astrophysics remain elusive to this day. The 

primary reason is that small variations in the angle 
between blazar jet and line of sight produce a vast range 

of observed properties and associated blazar 

“phenotypes.” The unifying features that would 
illuminate the basic blazar physics are thus obscured. To 

overcome this difficulty, blazars have to be understood 

as a population rather than on an object-by-object basis.  

Here, we propose to build a phenomenological bridge 
between theoretical, physical blazar models, and the 

multitude of diverse and high-quality observations of 

large samples of blazars that are currently being 
accumulated. We will do this by constructing 

sophisticated models for the statistical description of the 

observable properties of different blazar families, and 
by connecting them with both blazar theory and observations.  

Blazar Research State-of-the-art 

The blazar phenomenon is believed to be the observable end-result of the non-thermal radiation from a relativistic 

jet, which is powered by an accreting supermassive black hole and directed at a small angle with respect to our line 
of sight1 (see Fig. 1). For this reason, blazars are an ideal laboratory to study the cosmic growth of black holes, the 

physics of accretion and the launching and collimation of relativistic jets, the formation and propagation of disturb-

ances and shocks along these jets, and the acceleration of non-thermal particle populations to very-high energies (at 
least 108-1014 eV, and possibly up to 1021 eV, an energy comparable to the kinetic energy of an aggressively served 

tennis ball, concentrated within a single subatomic particle).  

The observed properties of blazars are strongly affected by relativistic effects. Because of the bulk relativistic mo-
tion of the jet, blazar emission is strongly beamed in the forward direction of jet motion. Because of the favourable 

orientation of the jet with respect to our line of sight, the result of this beaming is that blazar emission is relativisti-

cally boosted, making the observed properties of blazars akin to nature’s fireworks: their apparent luminosities are 

highly enhanced, their variability is strong and fast, and their jets feature apparently superluminal motions and 
emission across the electromagnetic spectrum, from radio to gamma-ray frequencies.  

Their close connection with some of the most energetic phenomena in the Universe, and their potential to test our 

understanding of particle astrophysics and jet launching provide a strong motivation for both observational and 
theoretical studies of blazars. However, the same relativistic effects that make them interesting generate unique 

challenges for these studies.  

Observational Challenges 

Beaming: In spite of intensive observational and theoretical investigations over the last four decades, the details of 
the structure and composition of blazar jets, and of the mechanisms through which jets are launched, accelerate 

non-thermal particle populations, and emit, remain elusive. The primary reason is relativistic beaming: small vari-

ations in the angle between the jet axis and the line of sight induce large variations in all observable quantities that 
are affected by beaming and boosting (apparent luminosity, variability measures, apparent velocities of jet compo-

nents, energy spectra). This effect in turn limits the repeatability of blazar behaviour, and it induces large scatter in 

correlations between observables and physical properties of blazar jets.  

Figure 1: Cartoon depiction of 
a basic physical model of a 

blazar. A relativistic jet of 
Lorentz factor Γ is launched 

by a supermassive black hole 

of mass M. The jet is ob-
served at a small angle θ 

relatively to its axis, resulting 
in extreme values for observ-

ables such as the apparent 
luminosity L, the variability 

amplitude m, the velocity v of 

observed jet components, the 
spectral index a, and the de-

gree of polarization p. Here 
the accretion disk around the 

black hole is shown in blue, 

and the magnetic field in the 
jet in red.  

 

Γ 
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credit: Pavidou 2015 

credit: Ntormousi et al. 2020



• PASIPHAE WP on arXiv: 1810.05652 :

More Information



• Nature Astronomy Mission Control:

More Information



• http://pasiphae.science :

More Information

http://pasiphae.science/


Thank you 


