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ABSTRACT
We describe how the observed polarization properties of an astronomical object are related to its intrinsic polarization properties
and the finite temporal and spectral resolutions of the observing device. Moreover, we discuss the effect that a scattering screen,
with non-zero magnetic field, between the source and observer has on the observed polarization properties. We show that the
polarization properties are determined by the ratio of observing bandwidth and coherence bandwidth of the scattering screen
and the ratio of temporal resolution of the instrument and the variability time of screen, as long as the length over which the
Faraday rotation induced by the screen changes by ∼ 𝜋 is smaller than the size of the screen visible to the observer. We describe
the conditions under which a source that is 100% linearly polarized intrinsically might be observed as partially depolarized, and
how the source’s temporal variability can be distinguished from the temporal variability induced by the scattering screen. In
general, linearly polarized waves passing through a magnetized scattering screen can develop a significant circular polarization.
We apply the work to the observed polarization properties of a few fast radio bursts (FRBs), and outline potential applications
to pulsars.
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1 INTRODUCTION

Fast Radio Bursts (FRBs) are powerful radio signals of usually a few
ms duration (as short as 30 `s), which have been detected between
∼100 MHz and 8 GHz, with a typical flux of ∼ 1 Jansky (10−23 erg
s−1 cm−2 Hz−1) e.g. Lorimer et al. (2007); Thornton et al. (2013);
Spitler et al. (2014); Petroff et al. (2016); Bannister et al. (2017); Law
et al. (2017); Chatterjee et al. (2017);Marcote et al. (2017); Tendulkar
et al. (2017); Gajjar et al. (2018);Michilli et al. (2018); Shannon et al.
(2018); Osłowski et al. (2019); Kocz et al. (2019); Bannister et al.
(2019); CHIME/FRB Collaboration et al. (2019a,b); Ravi (2019b,a);
The CHIME/FRB Collaboration et al. (2021). At the time of writ-
ing, 794 sources and 24 repeating sources consisting of more than
a few hundred pulses altogether 1 (Spitler et al. 2016; CHIME/FRB
Collaboration et al. 2019a; Kumar et al. 2019; CHIME/FRB Collab-
oration et al. 2019c; The CHIME/FRB Collaboration et al. 2021).
The rate of occurrence of FRBs is 820 ± 60 (stat.)+200−220 (sys.) at 600
Mhz (The CHIME/FRB Collaboration et al. 2021).
Several FRBs are found to be 100% linearly polarized (FRBs

20121102A, 20171209A, 20190604A, 20190711A), and quite a few

★ pazb@openu.ac.il
† pk@astro.as.utexas.edu
‡ rnarayan@cfa.harvard.edu
1 https://www.wis-tns.org/

have linear polarization between 30 and 90% (FRBs 20190102C,
20190608B, 20180311A, 20180714A, 20181112A, 20160102A,
20151230A & 20150807A), e.g. Michilli et al. (2018); Osłowski
et al. (2019); CHIME/FRB Collaboration et al. (2019c); Cho et al.
(2020); Luo et al. (2020a). A few FRBs (20140514A, 20180309A,
20190611B, 20201124A) are found to have non-zero circular polar-
ization between 20 and 60%, e.g. Petroff et al. (2014); Osłowski et al.
(2019); Day et al. (2020); Hilmarsson et al. (2021). The diversity of
the observed polarization properties is likely to hold important clues
regarding the FRB emission mechanism and propagation effects in
the magneto-ionic medium between the source and us.

Previous studies have discussed a physical effect that could con-
vert an initially linearly polarized wave to a partially circularly
polarized wave due to its propagation through a magneto-ionic
medium, which is referred to as "Generalized Faraday rotation" or
"Faraday conversion" (Cohen 1960; Zheleznyakov & Zlotnik 1964;
Kennett & Melrose 1998; Vedantham & Ravi 2019; Gruzinov &
Levin 2019). The generalized Faraday rotation typically produces
a small amount of circular polarization. The effect relies either on
(i) propagation through a strongly magnetized region with magnetic
field reversals (the expected circular polarization in this scenario is
Πcir ∼ 3 × 10−8a−2GhzRM3𝐵`G where RM3 is the rotation measure
in units of 103rad m−2 and 𝐵`G is the field strength in `𝐺.) or (ii)
departure of the EMwave dispersion relation from that of a coldmag-
netized plasma. In the latter case, one requires again a large magnetic
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field as well as a plasma consisting of mildly relativistic electrons in
order to produce any significant amount of circular polarization.
This work focuses on a physically distinct mechanism, viz. multi-

path propagation of a wave through amagnetized scintillating screen.
With standard parameters expected for ISM-like screens (and in
particular much lower magnetic field values than those mentioned
above), multi-path propagation can significantly change the observed
polarization and potentially induce a large degree of circular polar-
ization. After presenting a self-contained description of how polar-
ization properties are modified due to propagation of radio waves
through a magnetized scattering screen, we discuss whether FRBs
with less than 100% linear polarization, and the ones with circu-
lar polarization, might be the result of the propagation effects. The
physics described here is also applicable to pulsars and other astro-
physical systems. A specific application to other systems will be the
topic of a future investigation.
The layout of this paper is as follows. In §2 & 3 we discuss de-

polarization due to the finite temporal and spectral resolutions of
observations. In §4 we derive general results for depolarization re-
sulting from propagation of EM waves through a magnetized, turbu-
lent, scattering screen, and apply those results to FRB observations
in §5. The main results of this work are summarized in §6.

2 DEPOLARIZATION DUE TO FINITE TEMPORAL
RESOLUTION

Consider a quasi-monochromatic electromagnetic wave,

®𝐸 = 𝑥𝐸1 + �̂�𝐸2 ; 𝐸j = 𝐴j (𝑡) exp [𝑖(𝜙j (𝑡) − 𝜔𝑡)] for 𝑗 = 1, 2
(1)

such that its period is 𝑇 = 2𝜋/𝜔, and the timescale for fluctuations
in its amplitudes and phases is 𝑡var � 𝑇 . A measurement of the
observed polarization of the wave involves a detector with a finite
integration timescale 𝑡res � 𝑇 , and gives us Stokes parameters which
are linear combinations of the terms

〈𝐸i𝐸∗
j 〉𝑡 =

1
𝑡res

∫ 𝑡res

0
𝐸i (𝑡)𝐸∗

j (𝑡)𝑑𝑡. (2)

where 𝑖, 𝑗 = 1, 2 and 𝐸1, 𝐸2 are the complex components of the elec-
tric field along two perpendicular directions in the plane of the sky.
Note that for monochromatic waves, the time dependence enters only
through exp [𝑖𝜔𝑡], and so the integrand in Eq. 2 is time-independent
for any 𝑖, 𝑗 . The Stokes parameters for the quasi-monochromaticwave
are

𝐼 = 〈𝐸1𝐸∗
1〉𝑡 + 〈𝐸2𝐸∗

2〉𝑡 ; 𝑄 = 〈𝐸1𝐸∗
1〉𝑡 − 〈𝐸2𝐸∗

2〉𝑡
𝑈 = 〈𝐸1𝐸∗

2〉𝑡 + 〈𝐸2𝐸∗
1〉𝑡 ; 𝑉 = 1𝑖 (〈𝐸1𝐸

∗
2〉𝑡 − 〈𝐸2𝐸∗

1〉𝑡 ). (3)

The linear, circular, and the overall degree of polarization are de-
scribed by

Πlin,t =

√︁
𝑄2 +𝑈2

𝐼
, Πcir,t =

𝑉

𝐼
, Π𝑡 =

√︁
𝑄2 +𝑈2 +𝑉2

𝐼
≤ 1,

(4)

where the index 𝑡 indicates that this equation captures temporal de-
polarization and where equality holds for a wave that is monochro-
matic over the integration period, such that 〈𝐸i𝐸∗

i 〉𝑡 〈𝐸j𝐸
∗
j 〉𝑡 =

〈𝐸i𝐸∗
j 〉𝑡 〈𝐸j𝐸

∗
i 〉𝑡 . We calculate the degree of polarization by means

of a Monte Carlo simulation and analytic estimates for limiting cases
detailed below. Given a timescale for fluctuations 𝑡var, we divide the
integration time into sections of length 𝑡var and randomly change the

amplitudes / phases of the wave within each new section. In par-
ticular we focus on a situation in which the wave within each time
section is 100% linearly polarized, and between sections only the
wave’s polarization angle (PA), and not its amplitude, are changed.
We consider two limiting cases. The “no memory" case, in which
the PAs in each time section are randomly drawn from a uniform
distribution in the range [0,Δ𝜒]. This choice implies that the source
has “no memory", i.e. that the change in PA produced by the source
at times differing by Δ𝑡 � 𝑡var is independent of Δ𝑡. An opposite
extreme, is the “random walk" limit in which the PA produced by the
source is strongly correlated with the PA produced at the previous
time step (i.e. Δ𝜒 relative to the previous time section is drawn from
the same distribution).
Regardless of the overall degree of polarization recorded by the

detector, themeasured degree of circular polarization in this scenario,
is always zero (𝑉 = 0). The asymptotic degree of polarization (i.e. for
𝑡res � 𝑡var) can be analytically understood in two simplifying cases.
The first case we consider is that of large swings in the PA from one
coherent segment to next, i.e. Δ𝜒 � 1 (note that in this limit the “no
memory" and “random walk" cases become indistinguishable). The
contributions to 𝑄,𝑈 from the 𝑁𝑡 = 𝑡res/𝑡var independent segments
add up in a random walk fashion, while the intensities, 𝐼, scale
linearly with 𝑁𝑡 . The result is

Π𝑡 ≈
√︁
𝑄2 +𝑈2

𝐼
=

√
𝑁𝑡

𝑁𝑡
=

√︂
𝑡var
𝑡res

for Δ𝜒 � 1, 𝑡res � 𝑡var

(5)

or

Π𝑡 =

(
𝑡res
𝑡var

+ 1
)−1/2

for Δ𝜒 � 1, general 𝑁𝑡 . (6)

Next, consider the “no memory" case with Δ𝜒 � 1 and an incoming
wave which is pure Q. For 𝑡res > 𝑡var, we can expand 𝑄,𝑈 of the
outgoing wave in small Δ𝜒, and obtain 𝑄/𝐼 = 〈1 − 2𝜒2〉𝜒 = 1 −
2
3Δ𝜒

2 (where the subscript 𝜒 denotes averaging over 𝜒 in the range
[0,Δ𝜒], which, in the particular case of the setup described above, is
equivalent to averaging over time) and𝑈/𝐼 = 〈2𝜒〉𝜒 = Δ𝜒, so that

Π𝑡 ≈
√︁
𝑄2 +𝑈2

𝐼
≈ 1− 1

6
Δ𝜒2 “no memory", Δ𝜒 � 1, 𝑡res � 𝑡var.

(7)

We conclude that under the “no memory" assumption (in which the
PAs are always confined to a finite range [0,Δ𝜒]) strong depolariza-
tion is only possible when 𝑡res � 𝑡var and Δ𝜒 � 1. In the “random
walk" case, depolarization occurs if 𝑁1/2𝑡 Δ𝜒 � 1, even if Δ𝜒 < 1
(and in that limit Πt ≈ 𝑁

−1/2
t as for Δ𝜒 > 1). The results of our

Monte Carlo calculation are shown in figure 1. The asymptotic limits
described above are reproduced by the Monte Carlo calculation.

3 DEPOLARIZATION DUE TO FINITE SPECTRAL
RESOLUTION

3.1 Stochastically varying wave properties

The observed level of polarization of a wave depends also on the
detector’s bandwidthwrt the intrinsic spectral variability in away that
is similar to its dependence on the temporal variability relative to the
temporal resolution of the detector. Consider a signal that is observed
over a certain frequency range. Let us denote the spectral resolution of
the detector by ares, and the minimum spectral bandwidth over which

MNRAS 000, 1–15 (0000)



Multi-path depolarization 3

Figure 1. Degree of polarization for a linearly polarized wave with a PA that
changes on a timescale 𝑡var uniformly within the range [0, Δ𝜒]. The temporal
resolution of the instrument is 𝑡res. Solid lines are calculated under the ‘no
memory’ assumption and dashed curves correspond to the ‘random walk’
case.

In all cases the degree of circular polarization of the outgoing wave is zero.

thewave’s electric field direction changes by∼ 𝜋 to be aco. Both these
frequencies are taken to be small relative to the central frequency of
the signal ares, aco � a. To focus on the case of depolarization
due to finite spectral resolution, we assume in this section that the
amplitudes / phases do not change with time.
If aco > ares, then the wave’s properties are unchanged within

the bandwidth of the detector (such that 〈𝐸i𝐸∗
i 〉a 〈𝐸j𝐸

∗
j 〉a =

〈𝐸i𝐸∗
j 〉a 〈𝐸j𝐸

∗
i 〉a) and no depolarization will be measured. Consider

instead that aco < ares (ensuring that waves separated in frequency
by at least aco are integrated together by the detector). The result
is 〈𝐸i𝐸∗

i 〉a 〈𝐸j𝐸
∗
j 〉a > 〈𝐸i𝐸∗

j 〉a 〈𝐸j𝐸
∗
i 〉a leading to a depolarization

of the signal. This case is the frequency domain equivalent of the
𝑡res > 𝑡var case considered in §2. The degree of polarization as a
function of the frequency ratio follows from the case of temporal
variations:Πa = Π𝑡 . The coherence bandwidth can also be related to
a coherence timescale 𝑡co = a−1co . This is the time it takes waves sepa-
rated by aco to decohere. In cases where the spectral fluctuations are
induced by a scintillating screen between the source and the observer,
𝑡co can be related to the angular size of the observed screen, and the
spatial scale of the inhomogeneities in it. Using this notation and re-
calling that by virtue of the uncertainty principle ares ≥ 𝑡−1res, we find
ares/aco ≥ 𝑡co/𝑡res. Thus, 𝑡co > 𝑡res, is a sufficient (but not necessary)
condition for depolarization due to frequency decoherence.
Combining the cases with both spectral and temporal variability,

we conclude that depolarization is expected either for fine temporal
resolution (and hence poor spectral resolution relative to the coher-
ence bandwidth), 𝑡res < 𝑡co, or for poor temporal resolution relative
to the intrinsic temporal variability 𝑡res > 𝑡var.

3.2 Smoothly varying PA

Another case of interest is one in which the PA of a wave is a continu-
ous and ordered function of frequency. A specific important example
occurs when thewave passes through a column ofmagnetized plasma
on the way to the observer, with some final rotation measure (RM).
Faraday rotation then changes the wave’s PA by a wavelength depen-
dent amount: 𝜒 = RM_2 (where _ is the wave’s wavelength). We
define a characteristic frequency, aRM such that the change in PA

across aRM is order unity

aRM =
a3

2RM𝑐2
(8)

where a is the frequency at the center of the observed band and
𝑐 is the speed of light. As opposed to the stochastic case, the
Stokes parameters no longer add up by random walk and in the
limit 𝑁RM = ares/aRM � 1 there is almost exact cancellation of op-
positely directed PAs. The observed polarization is the small residual
∼ 1/𝑁RM fraction of the signal that is not cancelled out. For general
𝑁res we find

ΠRM =

(
1 + ares

aRM

)−1
=

[
1 +

(
a

ar,RM

)2]−1
, (9)

where ar,RM =
√
2RM𝑐2R is defined such that aRM (ar,RM) =

ares (ar,RM) and in the second transition we have taken a concrete
example in which the frequency resolution is proportional to the
observed frequency and defined R ≡ ares/a. In the presence of
fluctuations of the wave properties (either in the source or due to
propagation), the analysis presented above can be applied to each
coherent segment of length aco. The contributions of these indepen-
dent segments is then combined randomly in a fashion similar to that
described in §3.1. The resulting polarization is

Πa =

(
1 + min(aco, ares)

aRM

)−1 (
1 + ares

aco

)−1/2
. (10)

Depending on the ordering of aco, ares, aRM, the effect of the stochas-
ticity can be either to increase (when aRM < aco < ares) or decrease
(when aco � min(ares, aRM)) the polarization relative to the effect
by the mean RM alone as quatified by equation 9.

4 A TEMPORALLY VARIABLE WAVE PASSING
THROUGH A SCINTILLATING SCREEN

So far we have mainly focused on spectral or temporal variability in
isolation. Next, we consider a model that combines the two effects.
Our model consists of a temporally variable wave passing through
a scintillating screen. The incident wave is decomposed as the sum
of plane waves, and their complex amplitudes are assumed to be
independent of frequency over the narrow frequency bandwidh of
the detector. The discussion below summarized the important spatial
and temporal scales in the system as well as the relationships between
them (which are generally a function of frequency). Our discussion
is roughly divided into a description of the important length scales
and time scales in the system. A summary of the different temporal,
spatial and spectral scales used in this work is given in table 1 and a
schematic sketch depicting the passage of a wave through a turbulent
scattering screen is shown in figure 2.

4.1 Length scales associated with the screen

The dispersion relation for circularly polarized electromagnetic
waves2 in magnetized-plasma is:

𝑐𝑘± = 𝜔 −
𝜔2𝑝
2𝜔

[
1 ± 𝜔𝐵

𝜔

]
, (11)

2 A general elliptically polarized EM wave can be written as a linear combi-
nation of left- and right-circularly polarized waves with different phases.
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where 𝜔 is the wave frequency, 𝑘± the wavenumbers for left & right
circularly polarized waves,

𝜔𝑝 =

√︄
4𝜋𝑞2𝑛e

𝑚
, 𝜔𝐵 =

𝑞𝐵 ‖
𝑚𝑐

(12)

are electron plasma and cyclotron frequencies, 𝑞 & 𝑚 are electron
charge and mass respectively, 𝑛e is number density of electrons,
and 𝐵 | | is the component of the magnetic field along the photon
propagation direction.
We consider how the polarization properties of a linearly polarized,

coherent, EM wave are modified when it passes through a turbulent
magnetized-plasma. The electric field vector at the observer after the
wave has passed through the scattering screen can be calculated in
the Fresnel diffraction limit, e.g. Narayan (1992)

Ea0 (x0, t) =
𝑒𝑖𝜔𝑡

𝑅2F

∫
𝑑2𝑥 exp

{
𝑖𝜙(x) + 𝑖𝜋 |x0 − x|2/𝑅2F

}
Ea0 (x, t0),

(13)

where 𝑡 is the arrival time (𝑡0 is the arrival time from the center of
the screen, x = x0), 𝑅F =

√
_𝑑 is the Fresnel radius, 𝑑 is the distance

to the scattering screen from the source or the observer, whichever is
smaller, and 𝜙(x) is the phase shift suffered by a linearly polarized
wave as a result of non-zero 𝜔𝑝 as it crosses the screen at x, which
follows from the dispersion relation3 in eq. 11

𝜙 =

∫
𝑑𝑠

𝜔2𝑝
2𝑐𝜔

. (14)

And finally,

Ea0 (x, t0) = ¯̄𝑇 (𝜒)Ea0 ,0 (15)

is the electric field of the wave after exiting the screen at a point x
(Ea0 ,0 is the electric field just before the screen),

¯̄𝑇 (𝜒) is a rotation
matrix that rotates a vector by an angle 𝜒 given by

𝜒 =

∫
𝑑𝑠

𝜔2𝑝𝜔𝐵

2𝑐𝜔2
=

𝑞3_2

2𝜋𝑚2𝑐4

∫
𝑑𝑠 𝑛e (𝑠)𝐵 ‖ (𝑠) ≡ _2 RM, (16)

which can be easily derived from the dispersion relation (eq. 11).
Both 𝑛e and 𝐵 | | are likely to be inhomogeneous across the screen.
The average phase change suffered by the wave after crossing the
scattering screen due to its non-unity index of refraction is:

𝜙0 =

∫
𝑑𝑠

𝜔2p
2𝜔𝑐

=
𝑞2 (1 pc)
a𝑐𝑚

[DMs] =
2.6x107 [DMs]

a9
, (17)

where DMs = 𝑛e𝐿/(1 pc) is the mean dispersion measure of the
scattering screen; 1 pc ≡ 3.1x1018cm. A wave is scattered when
passing through the plasma screen when the phase shift suffered by
the wave fluctuates across the screen. A particular case of interest for
the density fluctuation is that of a Kolmogoroff spectrum of turbulent
cascade. According to Kolmogoroff, the electron density fluctuation
on scale ℓ is: 𝛿𝑛e (ℓ) = 𝑛e (ℓ/ℓmax)𝛼; where ℓmax is the maximum
eddy size in the turbulent medium. In this case, the differential phase
shift – after subtracting the mean 𝜙0 calculated above – suffered by
the wave after crossing the screen of thickness 𝐿, due to eddies of
size ℓ is

𝛿𝜙 =
𝑞2

a𝑐𝑚

∫
𝑑𝑠 𝛿𝑛e ≈

𝜔2pℓ

2𝜔𝑐

[
𝐿

ℓ

] 1
2
[

ℓ

ℓmax

]𝛼
= 𝜙0

[
ℓ

𝐿

] 1
2
[

ℓ

ℓmax

]𝛼
,

3 The third term in the dispersion relation (eq. 11), ±𝜔2𝑝𝜔𝐵/2𝜔2, does
not change the phase of a linearly polarized wave. It rotates the electric field
vector of the linearly polarized wave by an amount 𝜒 given by eq. 16.

(18)

where 𝜙0 is given by equation (17). Wave scattering in the screen
is dominated by eddies of size ℓ𝜙 which contribute to the phase
fluctuation 𝛿𝜙 ∼ 1. This important length scale can be calculated
using equation 18 (for amore detailed description see e.g., Beniamini
& Kumar (2020)),

ℓ𝜙 ∼ 𝜙
− 2
2𝛼+1
0 ℓmax

(
𝐿

ℓmax

) 1
2𝛼+1

∝ a1.2 (19)

where the frequency dependence in the last part of the above expres-
sion is for 𝛼 = 1/3 as appropriate for Kolmogoroff turbulence.
In an analogous way, we calculate the different degree of rotation

of the wave’s electric field direction across the screen. The fluctuation
to the rotation angle, 𝛿𝜒, due to eddies of size ℓ stacked in a column
in the screen along the line-of-sight to the observer is4

𝛿𝜒 =
𝑞3_2

2𝜋𝑚2𝑐4

∫
𝑑𝑠

[
𝑛e𝛿𝐵 ‖ + 𝐵 ‖𝛿𝑛e

]
. (20)

We take fluctuations of 𝐵 ‖ on scale ℓ to be given by the following
powerlaw function 5:

𝛿𝐵 | | (ℓ) = 𝐵 | | (ℓ/ℓmax)𝛽 . (21)

Thus, (𝑛e𝛿𝐵 ‖ + 𝐵 ‖𝛿𝑛e) fluctuates on scale ℓ as ∝ (ℓ/ℓmax)𝛾 , where
𝛾 ≈ min(𝛼, 𝛽). Making use of this scaling, the expression for 𝛿𝜒 can
be shown to reduce to

𝛿𝜒 ≈ 𝜒0

[
ℓ

𝐿

] 1
2
[

ℓ

ℓmax

]𝛾
(22)

where 𝜒0, given by equation 16, is themean rotation of the wave elec-
tric field direction by the magnetized screen. This can be expressed
in terms of 𝜙0 as follows

𝜒0 ≈ 𝜙0
〈𝜔𝐵

𝜔

〉
, (23)

with 〈𝜔𝐵〉 ≡ 𝑞〈𝐵 ‖〉/(𝑚𝑐) being the mean cyclotron frequency in
the scattering screen.
Wedefine ℓ𝜒 as the size of eddies forwhich 𝛿𝜒 ∼ 1. The expression

for ℓ𝜒 follows from equation (22)

ℓ𝜒 ∼ 𝜒
− 2
2𝛾+1
0 ℓmax

(
𝐿

ℓmax

) 1
2𝛾+1

∝a2.4, 𝛾 = min(𝛼, 𝛽), (24)

where the dependence of ℓ𝜒 on frequency is for 𝛼 = 𝛽 = 1/3. The
ratio ℓ𝜒/ℓ𝜙 can be obtained by combining equations (19), (23) &
(24)

ℓ𝜒

ℓ𝜙
∼

[
𝜔

𝜔𝐵

] 2
2𝛾+1

(
𝐿

𝜙20 ℓmax

) 2(𝛼−𝛾)
(2𝛼+1) (2𝛾+1)

. (25)

4 We have assumed that 𝛿𝑛e 𝛿𝐵| | is negligible compared to 𝐵| | 𝛿𝑛e and
𝑛e 𝛿𝐵| | . This is equivalent to requiring that 𝛼 > 0 & 𝛽 > 0. The former is
expected for a Kolmogoroff spectrum as mentioned above. The latter follows
from the fact that large fluctuations in the magnetic field are more likely to
be realized on greater scales, where magnetic tension and diffusion of the
magnetic field lines (both of which work towards an ordering of the field
lines) become weaker.
5 We assume here that the fluctuations in density and magnetic field are
independent of each other. If the two were correlated this would lead to a
reduction in the effective value of 𝛾, and will generally cause the induced cir-
cular polarization due to multi path propagation to become more pronounced.
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This expression simplifies considerably for the special case of 𝛽 = 𝛼

(leading to 𝛾 = 𝛼):

ℓ𝜒

ℓ𝜙
∼

[
𝜔

𝜔𝐵

] 2
2𝛼+1

∼
(
2.6x107 [DMs]

a9 𝜒0

) 2
2𝛼+1

. (26)

For a scattering screen with mean magnetic field of strength 10
`G, and observing frequency of 1 GHz, 𝜔/𝜔𝐵 = 108. Therefore,
ℓ𝜒/ℓ𝜙 ∼ 1010 for 𝛼 = 1/3. Thus, for most physical parameters of
interest for ISM scattering screens ℓ𝜒 � ℓ𝜙 . However, it should be
noted that for FRB 20121102A, RM ∼ 105rad m−2, and thus 𝜒0 ∼
104 at 1 GHz. If the plasma screen responsible for this large rotation
measure has DMs ∼ 1 pc cm−3, then in that case ℓ𝜒/ℓ𝜙 ∼ 104,
and very likely ℓ𝜒 is smaller than the segment of the screen from
which waves are scattered toward the observer. The implications of
this for FRB 20121102A, given its high observed degree of linear
polarization, are discussed in §5. A sketch representing the scales
ℓ𝜙 , ℓ𝜒 in the scattering screen are shown in figure 2.
The requirement that ℓ𝜒 < ℓmax, a necessary condition for the

screen to induce stochastic depolarization, leads to (see eq. 24)

𝜒0 >

(
𝐿

ℓmax

)1/2
≥ 1 (27)

and that means that the mean PA rotation induced by the screen must
be large for stochastic Faraday depolarization. As we describe below,
this is a necessary but not sufficient condition for the screen to cause
depolarization and / or induce circular polarization, which requires
ℓ𝜒 . 𝑅sc (where 𝑅sc, the scattering radius defined in equation 28
below, is the size of the scattering screen from which photons are
scattered in the direction to the observer). The advantage of using
the weaker condition imposed by equation 27, is the simplicity of its
application to data as it relates directly to a single observed parameter.
Nevertheless, it should be emphasized that although ℓ𝜒 is associ-

ated with fluctuations in 𝑛e and 𝐵 | | (which are smaller than the mean
values of those parameters), the stochastic rotation of wave electric
vector across the screen is not a second order effect as compared to
the mean rotation introduced by the screen. This is demonstrated in
equation 10 which shows that when stochastic effects are taken into
account, the polarization degree can change significantly relative to
the polarization of a wave with fixed properties passing through a
medium with uniform RM (see also figure 5). Furthermore, as we
will show in detail in §4.3, 4.4, the stochastic nature of the screen also
induces a large circularly polarized component, even if the incoming
wave is completely linearly polarized. Furthermore, as we outline
in §6, there are several techniques that could be used to remove the
depolarization caused by the mean properties of the screen.
The effective eddy size that determines thewave deflection is set by

ℓ𝜙 as there is no phase change associated with the Faraday rotation of
the wave electric field vector. Waves are deflected by the ℓ𝜙 patches
of the screen by an angle 𝛿\ ∼ _/𝜋ℓ𝜙 .
The radius of the screen, 𝑅screen, fromwhich the observer receives

the radiation is the minimum of 𝐿 (the physical size of the turbulent
screen) and the scattering radius

𝑅sc ∼ (𝑑𝛿\) ∼
𝑅2F
𝜋ℓ𝜙

(28)

For most of the astrophysically relevant parameter space, we find
that 𝑅sc � 𝐿. We therefore focus on this case in what follows. The
condition for strong scattering regime, 𝑅F � ℓ𝜙 or 𝑅sc � 𝑅F, is
readily realized at lower frequencies since 𝑅F/ℓ𝜙 ∝ a−1.7.
As we discuss in §4.4 in order for the screen to induce a circularly

Table 1. Temporal, spatial and frequency scales used in this work.

Notation Definition Equation

𝑇 wave period -
𝑡res detector temporal resolution -

𝑡res,lim limiting temporal resolution a−1res
𝑡scat delay associated with scattering screen 33
𝑡var source temporal variability -

𝑡scr,var temporal variability due to screen 31
𝑡var,eff effective variability time determining Πlin min(𝑡var , 𝑡scr,var)

ℓmax maximum size of eddies in screen -
𝐿 size of turbulent screen -
ℓ𝜙 size of eddies dominating phase shift 19
ℓ𝜒 size of eddies dominating field rotation 24
𝑅F Fresnel radius

√
_𝑑l

𝑅sc scattering radius 28
𝑅screen visible radius of screen min(𝐿, 𝑅sc)

a0 central observed frequency -
ares spectral resolution -
aRM band of PA change due to non-turbulent screen 8
ar,RM aRM (ar,RM) = ares (ar,RM)

√
2RM𝑐2R

aco coherence bandwidth 𝑡−1scat
a𝜒s ℓ𝜒 (a𝜒s) = 𝑅sc (a𝜒s) 29
a∗ ℓ𝜙 (a∗) = 𝑅sc (a∗) 30
avar 𝑡var = 𝑡scr,var (avar) 32
ars 𝑡scat (ars) = 𝑡res,lim (ars) 34
arv 𝑡var,eff (arv) = 𝑡res,lim (arv) 35
aN 𝑁𝜒 (aN) = 𝑁co (aN) 52

polarized component in the observed wave (and to potentially lead
to stochastic depolarisation), a required condition is ℓ𝜒 < 𝑅sc. We
therefore define an additional characteristic frequency, a𝜒s such that
ℓ𝜒 (a𝜒s) = 𝑅sc (a𝜒s),

a𝜒s =
(
𝑐𝑑
𝜋

) (2𝛾+1) (2𝛼+1)
4𝛼𝛾+10𝛼+6𝛾+7

(
𝑚𝑐

𝑞2𝑛e𝐿1/2

) −4(𝛼+𝛾+1)
4𝛼𝛾+10𝛼+6𝛾+7 (29)

×
(
2𝜋𝑚𝑐
𝑞𝐵| |

) −2(2𝛼+1)
4𝛼𝛾+10𝛼+6𝛾+7

ℓ
− 2(4𝛼𝛾+𝛼+𝛾)
4𝛼𝛾+10𝛼+6𝛾+7
max

It is useful to define a frequency, a∗ for which ℓ𝜙 (a∗) = 𝑅sc (a∗)

a∗ =
(
𝑐𝑑

𝜋

) 2𝛼+1
2𝛼+5

(
𝑚𝑐

𝑞2𝑛e

) −4
2𝛼+5

ℓ
−4𝛼
2𝛼+5
max 𝐿

2
2𝛼+5 (30)

and which determines the scattering regime.
The frequency dependence of the different spatial scales is summa-

rized in table 2 and estimated for a couple of MW-type scintillating
screens in figure 3 (note that contributions from scattering in the IGM
are likely to be sub-dominant, see §3 of Beniamini & Kumar (2020)
for details). For typical FRB observations at ∼ 100MHz−10GHz we
find that (especially towards the lower end of the observed frequency
range) the strong scattering limit is often applicable. Furthermore,
we find that ℓ𝜒 is likely to be orders of magnitude greater than ℓ𝜙 (see
eq. 26). At the same time, at the lower end of the observed frequency
range, it is reasonable to expect ℓ𝜒 < 𝑅sc, leading to significant
circular polarization induced by the screen.

4.2 Time scales associated with the screen

In the strong scattering limit, the effective eddy size, ℓ𝜙 , is very small
compared to the size of the screen the observer sees, 𝑅screen. This
suggests that scatterings can lead to significant temporal variability
(see Beniamini & Kumar 2020 for details). The variability time
associated with the eddy turnover time or the screen’s motion relative
to the observer is given by

𝑡scr,var ≈ ℓ𝜙/
√︃
𝑣2ed + 𝑣2os ∝ a

2
2𝛼+1 (31)
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6 Beniamini, Kumar & Narayan

Figure 2. Schematic sketch depicting the passage of a wave through a turbulent scattering screen, which changes the phase of the incoming wave (at its central
frequency) on a spatial scale ℓ𝜙 and its PA on a spatial scale ℓ𝜒 . For most cases of interest ℓ𝜒 � ℓ𝜙 .

Figure 3.Scattering screen spatial scales as a function of frequency for a screen in an ISM-like environment. Parameters assumed for this calculation are, left panel:
ℓmax = 𝐿 = 10pc, 𝑑 = 10kpc, 𝐵| | = 100`G, 𝑛 = 10cm−3, 𝛼 = 𝛽 = 1/3 and right panel: ℓmax = 𝐿 = 0.1pc, 𝑑 = 1kpc, 𝐵| | = `G, 𝑛 = 1cm−3, 𝛼 = 𝛽 = 1/3.
These parameters lead to RMs = 8 × 103rad m−2 (left panel) and RMs = 8rad m−2 for the right panel.

where 𝑣ed is the eddy speed and 𝑣os is the transverse velocity between
the scattering screen and the observer. The intrinsic variability of the
source, 𝑡var, is unlikely to be strongly frequency dependent. The
effective variability time for the purpose of determining the linear
polarization only (see §4.3,4.4) is the shorter of these two timescales
𝑡var,eff = min(𝑡var, 𝑡scr,var). We define a characteristic frequency avar
such that 𝑡var = 𝑡scr,var (avar)

avar = (𝑣max𝑡var)
2𝛼+1
2 ℓ−𝛼max𝐿

1/2
(
𝑞2𝑛e
𝑚𝑐

)
(32)

where 𝑣max = max(𝑣ed, 𝑣os).
The scattering screen averages the EM pulse on a timescale

𝑡scat =
𝑅2sc
2𝑑𝑐

=
𝑇

2𝜋2
𝑅2F
ℓ2
𝜙

∝ a
−(4𝛼+6)
2𝛼+1 (33)

In particular, for 𝛼 = 1/3, 𝑡scat ∝ a−4.4.

Finally, due to the uncertainty principle, the limiting temporal res-
olution of a detector scales as 𝑡res,lim ∝ a−1 (the actual temporal
resolution, 𝑡res satisfies 𝑡res ≥ 𝑡res,lim). Similar to the discussion re-
garding the spatial scales, we can define two additional characteristic
frequencies. The first, ars, is defined such that 𝑡scat (ars) = 𝑡res,lim (ars)

ars =

(
𝑐𝑑R
2𝜋2

) 2𝛼+1
2𝛼+5

ℓ
−4𝛼
2𝛼+5
max 𝐿

2
2𝛼+5

(
𝑚𝑐

𝑞2𝑛e

) −4
2𝛼+5

(34)

where R ≡ ares/a (such that 𝑡res,lim = (aR)−1). A second frequency,
arv, is defined such that 𝑡var,eff (arv) = 𝑡res,lim (arv)

arv = max
[
(R𝑡var)−1,

( 𝑣max
R

) 2𝛼+1
2𝛼+3

(
𝑚𝑐

𝑞2𝑛e

) −2
2𝛼+3

ℓ
−2𝛼
2𝛼+3
max 𝐿

1
2𝛼+3

]
(35)

We note that when a � ars, we have 𝑡scat � 𝑡res,lim. This is equiv-
alent to aco � ares and means that the wave is depolarized due to
finite spectral resolution (see §3.1). At high frequencies – a � ars→
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Multi-path depolarization 7

Table 2. Frequency regimes for scattering spatial and temporal scales. We
have assumed here 𝛼 = 1/3, 𝛽 = 0 and 𝑡res = 𝑡res,lim. The classification
remains the same for other values of those parameters but the appropriate
regime for a0 < a𝑋 and a0 > a𝑋 may be flipped if the values of these
parameters significantly deviate from those written above.

a𝑋 a0 < a𝑋 a0 > a𝑋

a∗ strong scattering weak scattering
a𝜒s circular pol. possible no circular pol.
ars spectral depolarization no spectral depolarization
arv temporal depolarization no temporal depolarization

aco � ares – no spectral depolarization occurs. Similarly at a � arv
we expect 𝑡res,lim � 𝑡var,eff . This limit corresponds to depolarization
due to the finite temporal resolution of the detector (see §2). In the
opposite limit, if 𝑡res = 𝑡res,lim, then a � arv, which corresponds to
𝑡res � 𝑡var,eff , and no temporal depolarization occurs. The results are
summarized in table 2 and a specific example for a possible frequency
evolution is shown in figure 4. We conclude that at sufficiently low
frequencies, we have 𝑡var,eff < 𝑡res < 𝑡scat while at sufficiently high
frequencies 𝑡scat < 𝑡res < 𝑡var,eff . As we expand on in §4.4 the im-
plication is that for lower observed frequencies the signal is strongly
depolarized (due to both frequency and temporal decoherence) while
at higher frequencies the wave maintains its original polarization.
Finally, for the same screen, source and detector properties plotted

in figures 3, 4 we plot in figure 5 the level of observed polarization as
compared to the polarization due to a non stochastic column with the
same mean RM. As shown in §3.2, in order for the mean RM of the
screen to affect the polarization, we must havemin(aco, ares) > aRM
(where for a scintillating screen, aco = 𝑡−1scat, see §4.4 for details).
Typically, we have ares ∝ a, aRM ∝ a3, aco ∝ a4.4. Since the fre-
quency dependence of aRM is between the other two frequencies, the
result is that if ar,RM < ars then min(aco, ares) < aRM for all fre-
quencies and the mean RM of the screen never affects the observed
polarization. This ordering of the frequencies is very natural for ISM-
like screens. Indeed, as shown in figure 5, ar,RM � ars for both the
examples considered. Therefore the depolarization is entirely domi-
nated by the stochastic nature of the screen and is unaffected by the
screen’s mean RM. This motivates us to investigate in detail the level
of depolarization caused by the stochastic screen, which is explored
next.

4.3 Toy model for polarization of a wave passing through
scintillating screen with arbitrary RM

Before turning to the polarization signature of awave passing through
a turbulent screen, it is useful to consider an instructive toy model
that allows us to explicitly demonstrate the decrease in observed
spectral polarization for a wave passing through a turbulent screen
(the effects of temporal depolarization are simpler as described in
§2, and can be decoupled from the spectral depolarization, shown in
figure 7 below). The key aspect introduced by scintillation is that the
EM fields recorded by an observer are a superposition of scattered
waves from different patches on the screen which induce different
phases and PA changes to the incoming wave. As it turns out, a
superposition of two such components (denoted here with subscripts
A and B, see figure 6) can capture the key features of a magnetized
scintillation screen, and we therefore focus on this situation in what
follows. For clarity, we begin by considering an idealized case in
which the detector has an infinitely narrow spectral and temporal

resolution. The dimensionless electric field can then be written as

𝐸1 (ã) = 1√
2

[
cos(𝜒A/ã2)𝑒𝑖𝜙A + cos(𝜒B/ã2)𝑒𝑖𝜙B

]
(36)

𝐸2 (ã) = 1√
2

[
sin(𝜒A/ã2)𝑒𝑖𝜙A + sin(𝜒B/ã2)𝑒𝑖𝜙B

]
(37)

where ®𝐸 = 𝑥𝐸1 + �̂�𝐸2, ã ≡ a/a0 is the frequency relative to the
central frequency of the band, 𝜒𝑥 is the rotation induced by patch 𝑥
at the central frequency, a0, and 𝜙𝑥 is the phase change. The Stokes
parameters for this simplified case are:

𝐼 = 𝐸1𝐸
∗
1 + 𝐸2𝐸

∗
2 = 1 + cos(Δ𝜙) cos(Δ𝜒) (38)

𝑄=𝐸1𝐸
∗
1−𝐸2𝐸

∗
2 =
1
2
cos(2𝜒A)+

1
2
cos(2𝜒B)+cos(Δ𝜙) cos(2�̄�) (39)

𝑈=𝐸1𝐸
∗
2+𝐸

∗
1𝐸2=

1
2
sin(2𝜒A)+

1
2
sin(2𝜒B) + cos(Δ𝜙) sin(2�̄�) (40)

𝑉 = 1𝑖
[
𝐸1𝐸

∗
2 − 𝐸∗

1𝐸2
]
= sin(Δ𝜙) sin(Δ𝜒) (41)

where we have used the notation Δ𝜙 = 𝜙A − 𝜙B,Δ𝜒 = 𝜒A − 𝜒B, �̄� =

(𝜒A + 𝜒B)/2. In general, 𝜙A, 𝜙B have contributions from both the
phase shift in the screen and the geometrical path-length of the two
trajectories, and so 𝜙A ≠ 𝜙B. If no Faraday rotation is induced by
the screen, then 𝜒A = 𝜒B. In such a situation we see that 𝑉 = 0
and 𝐼2 = 𝑈2 +𝑄2. This is nothing but the standard Young’s double-
slit experiment in which the wave remains 100% linearly polarized
in its original direction and the intensity fluctuates based on Δ𝜙.
Faraday rotation and the turbulent nature of the screen allows us
to have 𝜒A ≠ 𝜒B. Since Δ𝜒 ≠ 0, we have 𝑉 ≠ 0, meaning that a
fraction of the incoming linear polarization has been converted to
circularly polarized wave, depending on Δ𝜒. By construction, the
overall polarization level in this case remains 100%, since we have
assumed the spectral band to be infinitely narrow.
We now generalize this result to the case of an arbitrary spectral

width of the detector. 𝜒𝑥 and 𝜙𝑥 are functions of frequency. As
shown in §4.4, 𝜙𝑥 changes randomly on the coherence bandwidth
scale, aco. Furthermore, 𝜒𝑥 changes on a frequency scale ≥ aco (with
equality for 𝑁𝜒 & 𝑁co, see §4.4). The frequency scale over which
the PA of a wave at a0 changes significantly due to the average RM is,
aRM = a/2�̄� (see §3.2). Similarly the PA at a0 changes significantly
on a scale aΔRM = a/2Δ𝜒 ( aRMx = a/2𝜒𝑥) due to a rotation by
Δ𝜒 (𝜒𝑥). For various cases of interest Δ𝜒 � �̄�, 𝜒A, 𝜒B, leading to
aΔRM � aRM, aRMA , aRMB . This will affect the polarization signal,
as we show below. The Stokes parameters are averages of the form

〈𝐸𝑖𝐸
∗
𝑗 〉ares =

1
ares

∫ a0+0.5ares

a0−0.5ares
𝐸𝑖𝐸

∗
𝑗𝑑a. (42)

where ares is the spectral bandwidth of the detector. It is constructive
to define amin = min(ares, aco) and to divide the integral given by
equation 42 to sub-sections of length amin. Within a frequency scale
≤ amin, both the phases and PAs remain roughly constant and we get

𝐼min = 〈𝐸1𝐸∗
1 + 𝐸2𝐸

∗
2〉amin = (43)∫ ã0+

ãmin
2

ã0−
ãmin
2

[
1 + cos(𝜙A − 𝜙B) cos( Δ𝜒ã2 )

]
𝑑ã
ãmin

≈ 1 + cos(𝜙A − 𝜙B) cos(Δ𝜒)min
(
1, 𝜋aΔRM

amin

)
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8 Beniamini, Kumar & Narayan

Figure 4. Temporal scales as a function of frequency. Parameters assumed for this calculation are the same as in figure 3 with the addition of: 𝑣max =

100km s−1, 𝑡var = 1`s, R = 10−3. In both cases, 𝑡scr,var � 𝑡res,lim, 𝑡var for the entire range of frequencies depicted. In this situation "temporal depolarization"
holds only for the linear component of the polarization, as described in §4.3.

Figure 5. A solid (dotted) line depicts the resulting linear (circular) polarization for an initially linearly polarized wave passing through screens with the same
properties as described in figures 3, 4 (given by equation 54). As a comparison we plot also with a dashed line, the linear polarization resulting from passage of
the same wave through single column (as opposed to multi-path propagation, here the circular polarization remains zero at the detector) with a rotation measure
equal to the mean value produced by the screen (given by equation 10). We assume the source to have the same temporal variability in both cases, and to have
no significant spectral variability across the observed bandwidth.

𝑄min = 〈𝐸1𝐸∗
1 − 𝐸2𝐸

∗
2〉amin = (44)∫ ã0+

ãmin
2

ã0−
ãmin
2

[
1
2 cos(

2𝜒A
ã2

)+ 12 cos(
2𝜒B
ã2

)+cos(𝜙A−𝜙B) cos( 2�̄�ã2 )
]

𝑑ã
ãmin

≈ 12
[
cos(2𝜒A)min

(
1, 𝜋aRMA
2amin

)
+ cos(2𝜒B)min

(
1, 𝜋aRMB
2amin

)
+

2 cos(𝜙A−𝜙B) cos(2�̄�)min
(
1, 𝜋aRM
2amin

) ]
𝑈min = 〈𝐸1𝐸∗

2 + 𝐸∗
1𝐸2〉amin = (45)∫ ã0+

ãmin
2

ã0−
ãmin
2

[
1
2 sin(

2𝜒A
ã2

)+ 12 sin(
2𝜒B
ã2

)+cos(𝜙A−𝜙B) sin( 2�̄�ã2 )
]

𝑑ã
ãmin

≈ 12
[
sin(2𝜒A)min

(
1, 𝜋aRMA
2amin

)
+ sin(2𝜒B)min

(
1, 𝜋aRMB
2amin

)
+

2 cos(𝜙A−𝜙B) sin(2�̄�)min
(
1, 𝜋aRM
2amin

) ]
𝑉min =

1
𝑖 〈𝐸1𝐸

∗
2 − 𝐸∗

1𝐸2〉amin = (46)∫ ã0+
ãmin
2

ã0−
ãmin
2

sin(𝜙A−𝜙B) sin( Δ𝜒ã2 )
𝑑ã
ãmin

≈ sin(𝜙A−𝜙B) sin(Δ𝜒)min
(
1, 𝜋aΔRM

amin

)

As expected, the results converge with the Stokes parameters
given by equations 38,39,40,41 in the limit of �̄�,Δ𝜒 � ã−1min
(for which 𝜒A, 𝜒B do not evolve with frequency within the spec-
tral range amin). When �̄�,Δ𝜒 � ã−1min, the integrands in equa-
tions 44, 45, 46 oscillate many times within the interval amin
and their amplitude is therefore strongly suppressed compared to
that of equation 43. This leads to a linear polarization Πlin,min =√︃
𝑄2min +𝑈2min/𝐼min ∼ aRM/amin � 1 and to a circular polariza-
tion Πcir,min = |𝑉min/𝐼min | ∼ aΔRM/amin � 1 (where 𝜙A, 𝜙B have
been taken to be randomly distributed in the interval [0, 2𝜋], and we
omitted factors of order unity for clarity).

Finally, we can extend the calculation over the entire bandwidth of
the detector. This can be done by dividing the bandwidth into 𝑁 ∼
ares/amin segments of length amin. Within each segment, equations
43, 44, 45, 46 can be used to estimate the Stokes parameters. Between
different intervals, the phases 𝜙A, 𝜙B change by an amount on the
order of 𝜋 and the PAs, 𝜒A, 𝜒B change by an amount of order Δ𝜒.
Since 𝐼min has a term independent of 𝜙A, 𝜙B, 𝜒A, 𝜒B, it adds up
coherently such that 𝐼 = 𝑁𝐼min. The other Stokes parameters are
trigonometric functions of the phases and PAs and therefore add up
through a random walk process 𝑄 ≈

√
𝑁𝑄min,𝑈 ≈

√
𝑁𝑈min, 𝑉 ≈
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Figure 6.A linearly polarized wave (with PA=𝜒) going through a screen with
two slits (𝐴, 𝐵). The PA of the wave components outgoing from the two slits
are 𝜒A, 𝜒B. The accumulated phases of the wave at the observer after crossing
the slits 𝐴 and 𝐵 are 𝜙A, 𝜙B; the phase change includes the contribution due
to non-unity index of refraction of the plasma in the screen, and the difference
in optical path length.

√
𝑁𝑉min. The result is

Πlin,a ≈ Πlin,min𝑁
−1/2 =

(
1 + min(aco, ares)

aRM

)−1 (
1 + ares

aco

)−1/2
(47)

Πcir,a ≈ Πcir,min𝑁
−1/2 =

(
1 + min(aco, ares)

aΔRM

)−1 (
1 + ares

aco

)−1/2
(48)

For a turbulent screen, Δ𝜒 ≈ 𝜒0 (𝑅screen/𝐿)
2𝛾+1
2 , where by con-

struction 𝑅screen/𝐿 ≤ 1 and for a wide region of parameter space
𝑅screen/𝐿 � 1 (see §4.1). The implication is that it is natural to ex-
pect 𝜒0 � Δ𝜒. If in addition aRM < min(aco, ares) (this is not trivial,
see §4.2), this leads toΠcirc � Πlin (with the ratio between them be-
coming as large as (𝐿/𝑅screen)

2𝛾+1
2 if also aΔRM < min(aco, ares)).

An additional way to achieve Πcir � Πlin, which does not rely on
having aRM < min(aco, ares) is naturally obtained when depolar-
ization results from time averaging of the signal in the case where
𝑡res � 𝑡scr,var as discussed in §4.4 below.

4.4 Polarization signature from scintillating screen

Having established the characteristic length and time scales associ-
ated with the source-screen-detector systemwe are now set to explore
the polarization signal from a scintillating screen. As there are many
different possible regimes to explore (depending on the ordering of
the different scales) it is useful to consider a specific ordering, as an
example, and derive polarization properties for that case. Based on
the estimates in §4.1,4.2, a realistic such ordering is ℓ𝜙 � ℓ𝜒 � 𝑅sc,
aco � aRM. We focus primarily on this ordering and later discuss
implications for different orderings of these spatial scales.
For a 2D screen, we can write the electric vector at the observer

location as

Ea (x0, t) ∼
[
ℓ𝜙

𝑅sc

] 𝑁𝜙∑︁
𝑗=1

𝑒
𝑖𝜙
j
ℓ𝜙 ¯̄𝑇 (𝜒j)Ea0 (t0), (49)

where 𝑁𝜙 ≈ (𝑅sc/ℓ𝜙)2 is the number of independent patches in the

scattering screen from which the observer receives radiation. Note
that the number of patches which rotate the wave by an independent
amount is 𝑁𝜒 = (𝑅sc/ℓ𝜒)2 � 𝑁𝜙 , so many of the 𝜒js are the same
(see figure 2). As we show below, it is, nonetheless, typically the
smaller scale, ℓ𝜙 which determines the polarization properties.
As described in §4.3, if the EM source is 100% linearly polarized,

the source PA is stable with time, and the observing bandwidth is
infinitesimally narrow, then the wave after crossing the screen will
remain 100% polarized although the PAwould have rotated and there
would be, in general, some non-zero circularly polarized component
6. If the effect of the scattering screen is to randomly change the PA
and the phase of the EM wave (in an uncorrelated fashion), then the
result would be a PA pointing in a random direction on the Poincare
sphere 7, leading to mean square values for the linear and circular
polarizations (the root of which represents typically expected values)
of

〈Π2lin〉 = 〈𝑄
2+𝑈2
𝐼 2

〉 =
∫ ∫
cos2 (2𝜒)𝑑Ω
4𝜋 = 23

〈Π2cir〉 = 〈𝑉 2
𝐼 2

〉 =
∫ ∫
sin2 (2𝜒)𝑑Ω
4𝜋 = 13 . (50)

The implication is that even when the screen induces no overall depo-
larization, it can change a linearly polarized signal to an elliptically
polarized one, with a non-negligible degree of circular polarization
(as demonstrated in figure 7 discussed below).
The scattering screen reduces the polarization degree when either

the observing bandwidth is larger than the coherence bandwidth of
the scattering screen (defined below), or the time interval over which
the signal is integrated is larger than the variability time associated
with temporal changes in the screen properties or its position relative
to the observer (the temporal variability of the source has a much
weaker affect on the total polarization degree, as discussed below).
In either case, during the observing window (spectral or temporal,
appropriately), the wave electric vector direction has fluctuated as the
observed radiation has suffered different degrees of Faraday rotations
from eddies which decohered in frequency or time.
The coherence bandwidth of the scattered wave, aco, is related to

the scattering time 𝑡scat via the uncertainty principle: aco ∼ 𝑡−1scat.
In the limit of strong scintillation, aco � a0

8. Indeed, this is
the reason that the finite spectral resolution can play a role in de-
termining the polarization, despite the fact that ares � a0. This
can be understood by recognizing the very large geometrical phase
shift between rays coming from different parts of the screen. This
shift, 𝑑𝜙, between a path along the line of sight to the center of
the screen and one that intersects the screen at a distance 𝑥 from
the center, is 𝑑𝜙 = 𝜋𝑥2/(𝑑_) = 𝜋(𝑥/𝑅F)2. Taking 𝑥 ≈ 𝑅sc, we get
𝑑𝜙 ∼ 𝜋−1 (𝑅F/ℓ𝜙)2 � 𝜋. Since (𝑅F/ℓ𝜙)2 is in general wavelength
dependent, we see that a needs to change by a small amount, of
order 𝑑a ∼ a0𝜋

2 (ℓ𝜙 (a0)/𝑅F (a0))2 ∼ aco, for the geometric phase
difference between two paths, and for frequencies separated by aco,
to become of order 𝜋.
The detector has finite temporal resolution, 𝑡res, and spectral reso-

lution ares. In general (as per the uncertainty principle), 𝑡resares ≥ 1.

6 This statement assumes that the properties of the screen remain fixed in
time and that the screen’s position is static relative to the observer. When this
is not the case, and 𝑡res � 𝑡scr,var then, similar to the case 𝑡res � 𝑡var analyzed
in §2, the result is strong temporal depolarization of the detected wave.
7 The exact distribution of the PA pointing on the Poincare sphere is explicitly
calculated numerically below.
8 As shown in §4.2, 𝑡scat , aco, are generally wavelength dependent, but for
ares � a0 they change very little across the detector’s band, and therefore,
we take 𝑡scat = 𝑡scat (a0) , aco = aco (a0)
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10 Beniamini, Kumar & Narayan

We focus below on the optimal detector for which the above relation
is an equality.
The intrinsic temporal variability, 𝑡var, and the temporal variabil-

ity associated with the screen, 𝑡scr,var have distinct effects on the
observed polarization. On a timescale, 𝑡scr,var, the phases and PAs of
wavelets from all points of the screen have significantly changed rel-
ative to their previous values. This means that within every segment
of duration 𝑡scr,var, the polarization is reduced as per equations 47,
48, and the contributions from those segments add up as a random
walk (see §2) such that Π = Πa · (1 + 𝑡res/𝑡scr,var)−1/2. Interestingly,
the temporal variability due to the source, has a distinct effect on
the observed polarization. The reason is that while the PA incident
on the screen may be rapidly changing with time, the PA difference
of wavelets exiting through different parts of the screen (Δ𝜒) is not
affected by this change. Since Πcir depends only on Δ𝜒 (see §4.3),
the observed circular polarization remains unchanged in the pres-
ence of rapid source variability, i.e. it reflects the intrinsic circular
polarization of the source. Note, however, that the source variability
does reduce the linear polarization (in much the same way that the
screen variability does). To summarize, we find that the polarization
degree, assuming aco � aRM (implying no depolarization due to the
mean RM of the screen – the opposite limit is addressed at the end
of the section) is well approximated by

Πlin≈
(
ares
aco

+1
)−1/2 (

𝑡res
𝑡var,eff

+1
)−1/2

=

(
𝑡scat
𝑡res

+1
)−1/2 (

𝑡res
𝑡var,eff

+1
)−1/2

(51)

Πcir≈
(
ares
aco

+1
)−1/2 (

𝑡res
𝑡scr,var

+1
)−1/2

=

(
𝑡scat
𝑡res

+1
)−1/2 (

𝑡res
𝑡scr,var

+1
)−1/2

.

where the last equality in each line holds for ares = 𝑡−1res. This result is
reproduced numerically and presented in figure 7 in which we depict
the observed degree of polarization for an initially linearly polarized
wave passing through a static 1D screen with properties as described
above 9. A significant amount of depolarization is obtained unless
𝑡scr,var > 𝑡res and 𝑡res > 𝑡scat. As suggested by equation 50 we find
that the screen always leads to a significant fraction of the signal
becoming circularly polarized. In particular, when 𝑡scr,var < 𝑡var,
〈Π2lin/Π

2〉 = 2/3, 〈Π2cir/Π
2〉 = 1/3. This holds even for 𝑡var,eff >

𝑡res > 𝑡scat for which no overall depolarization is induced by the
screen. When 𝑡scr,var > 𝑡var the circular to linear polarization ratio
increases as Π2cir/Π

2
lin ≈ (𝑡var + 𝑡res)𝑡scr,var/[(𝑡scr,var + 𝑡res)𝑡var] (see

equation 51).
It is at first glance perhaps counter-intuitive that the spectral de-

polarization by the screen is dictated by the coherence bandwidth
associated with the patches of size ℓ𝜙 , despite the outgoing PA from
many of these different patches being the same (due to ℓ𝜙 � ℓ𝜒
or equivalently 𝑁𝜙 � 𝑁𝜒). The reason for this is that within the
observed spectral band of width ares there are 𝑁co ≡ ares/aco in-
dependent segments of frequency. Within each of those frequency
segments the phase and amplitude contributions from all patches on
the screen (of size ℓ𝜙), and the resulting PA from their superposition,
is significantly changed compared to the other frequency segments.
Therefore, as long as 𝑁𝜒 & 𝑁co > 1, the 𝑁co segments are likely
to all have independent PAs and the overall depolarization will be
set by random walk as 𝑁−1/2

co . As shown in figure 5, this is expected
to hold for a large area of parameter space even when ℓ𝜒 � ℓ𝜙 .
Alternatively, if 𝑁co & 𝑁𝜒 > 1, the number of independent PAs in
the superposition is reduced and limited by 𝑁𝜒 . The signal is still de-
polarized, but to a lesser extent, withΠ ∝ 𝑁

−1/2
𝜒 . In the general case,

9 We calculate results for a 1D screen since a 2D screen is computationally
much more intensive, while the underlying physics is qualitatively unchanged
between a 1D and 2D screens (we mention explicitly whenever there are
quantitative differences between the two).

the spectral depolarization is given by [1 +min(𝑁co, 𝑁𝜒)]−1/2. We
define a characteristic frequency, aN, such that 𝑁𝜒 (aN) = 𝑁co (aN):

aN =

(
2𝑐𝑑
R

) 2𝛾+1
2𝛾+9

(
2𝜋𝑚2𝑐2

𝑞3𝑛e𝐵 | |

) −4
2𝛾+9

ℓ

−4𝛾
2𝛾+9
max 𝐿

2
2𝛾+9 (52)

For a < aN the spectral depolarization is given by (1+ ares/aco)−1/2
while at greater frequencies the polarization is increased relative to
this value (i.e. less depolarization by the screen), due to the fact that
there are an insufficient number of patches with independent PAs.
Another limiting case is when there is only one PA produced by the
entire screen, i.e. ℓ𝜒 = 𝑅sc. As shown in §4.1, this occurs above the
characteristic frequency a𝜒s. We point out that so long as aco < ares
(as is necessary for spectral depolarization) it is guaranteed that
aN < a𝜒s.
When ℓ𝜒 & 𝑅sc, waves passing through different parts of the

screen visible to us emerge with nearly the same PA, i.e. their elec-
tric field vectors have rotated by nearly the same amount. Therefore,
the screen causes almost no spectral depolarization. However, the
induced circular polarization is non-zero, but it decreases with in-
creasing ℓ𝜒/𝑅sc & 1. This is because the non-zero RM gradient
results in differential RM across the visible screen of magnitude
Δ𝜒 ∼ (𝑅sc/ℓ𝜒), which leads to non-zero induced circular polariza-
tion

Πcirc ∼ 𝑅sc/ℓ𝜒 (53)

as can be easily calculated using equation (41).
Figure 8 shows how the polarization degree changes with ℓ𝜒/ℓ𝜙 .

For 𝑡scat > 𝑡res and 𝑡var,eff > 𝑡res, the depolarization is dominated by
spectral decoherence (as in §3.1). As explained above, this leads to
an increase in 〈Π〉 and a decrease in 〈Πcirc〉 when 𝑁𝜒 < 𝑁co, and the
depolarization vanishes in the limit ℓ𝜒 � 𝑅sc. For 𝑡scat < 𝑡res and
𝑡var,eff < 𝑡res < 𝑡scr,var, the depolarization is governed by the source’s
temporal variability. Indeed, the level of polarization for this case is
the same as for the equivalent case with temporal variability only and
no screen, described in §2.
So far in this section we have focused on the case aco �

aRM. In the opposite limit, provided that aRM < ares, the
degree of linear polarization is reduced relative to equation
51 by a factor of min(aco, ares)/aRM. Interestingly, the de-
gree of circular polarization is suppressed by a smaller factor
of min(aco, ares) (𝑅screen/𝐿)

2𝛾+1
2 /aRM (see §4.3). Since typically

𝑅screen ≈ 𝑅sc � 𝐿 (see figure 3), it is natural to have Πcir � Πlin in
this regime. This is demonstrated in figure 9.
Our discussion so far was focused on the strong scattering regime.

In the weak scattering regime, it is still possible to have an effective
depolarization by the screen if the mean rotation introduced by it, is
𝜒0 � 1, causing significant wave rotation, as long as aRM � ares
(see §3.2). Importantly, as opposed to the sources of depolarization
discussed above, the source of this depolarization is not stochastic,
but rather the secular dependence of the field rotation on frequency.
This depolarization can therefore be removed (and indeed this is
commonly done) from the data by accounting for the RM and is
in that sense qualitatively separate from the stochastic sources of
depolarization discussed in this work.
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Multi-path depolarization 11

Figure 7. Results of a Monte Carlo calculation showing the degree of polarization for a temporally variable wave passing through a inhomogeneous 1D screen
(with inhomegeneities each causing a rotation of the polarization vector by Δ𝜒 ∼ 𝜋). The linear (circular) polarization is shown in the left (right) panel. The
top panels show results for the case in which the temporal variability is dominated by the source, 𝑡var,eff = 𝑡var & 𝑡scr,var > 𝑡res, 𝑡var, and the bottom panel for
the case when it is dictated by the screen, 𝑡var,eff = 𝑡scr,var & 𝑡var > 𝑡res, 𝑡scr,var. The characteristic time delay associated with the screen is 𝑡scat and the temporal
resolution of the detector is 𝑡res. The spectral resolution of the detector is ares = 𝑡−1res .

4.5 Frequency dependence of polarization properties

Summarizing our results from §3.2, 4.4, we write the degree of
polarization for an incoming linearly polarized wave,

√︃
〈Π2〉 = Π𝑡Πa ≈



(
1+ 𝑡res

𝑡scr,var

)− 12 (
1+min(𝑁co, 𝑁𝜒)

)− 12 a � a𝜒s

×
(
1 + min(aco ,ares)

aRM (𝐿/𝑅screen)
2𝛾+1
2

)−1
(
1 + 𝑡res

𝑡var

)− 12 (
1 + ares

aRM

)−1
a � a𝜒s

(54)

√︃
〈Π2lin〉 ≈ 𝐴lin



(
1+ 𝑡res

𝑡var,eff

)− 12 (
1+min(𝑁co, 𝑁𝜒)

)− 12 a � a𝜒s

×
(
1 + min(aco ,ares)aRM

)−1(
1 + 𝑡res

𝑡var

)− 12 (
1 + ares

aRM

)−1
a � a𝜒s

(55)

√︃
〈Π2cir〉 ≈ 𝐴cir



(
1+ 𝑡res

𝑡scr,var

)− 12 (
1+min(𝑁co, 𝑁𝜒)

)− 12 a � a𝜒s

×
(
1 + min(aco ,ares)

aRM (𝐿/𝑅screen)
2𝛾+1
2

)−1
Πcir (a = a𝜒,s) ·

(
𝑅screen
ℓ𝜒

)
a � a𝜒s

(56)

where 𝐴lin = 2/3 and 𝐴cir = 1 for (aRM � min(aco, ares) &
𝑅screen � 𝐿) or for 𝑡var � min(𝑡scr,var, 𝑡res) and 𝐴cir = 1/3 oth-
erwise. Note that by construction a𝜒s < a∗, so strong scintillation is
ensured at a � a𝜒s. As shown in §2, for typical ISM-like screens
ars > ar,RM, and therefore at all frequencies aRM > min(aco, ares).
Thus, the term in the second line of equations 54, 55, 56 approaches
unity, and consequently the polarization becomes independent of the
mean RM of the screen.
The frequency dependence of the observed polarization degree is

given in table 3 for different orderings of the characteristic frequen-
cies we have considered in this paper. We note that the observed
polarization degree of an EM wave, that is 100% linearly polarized
at the source, is strongly frequency dependent after it passes through
a magnetized scattering screen in most cases. As shown in §2 and
figures 4, 5 both spectral and temporal depolarizations by the screen
can be expected at frequencies in which FRBs are routinely observed
for reasonable properties of the source-screen-detector system. The
general trend is for the waves to become less polarized at lower
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Figure 8. Results of Monte Carlo calculations showing the total degree of
polarization (solid line) and degree of circular polarization (dot-dashed) for
a wave passing through a 1D screen, as a function of the ratio of the typical
scales for electric field rotation (ℓ𝜒), and phase change (ℓ𝜙). The scattering
radius relative to the eddy size is shown as a dotted vertical line. The different
panels show different orderings of the characteristic timescales. For ℓ𝜒 > 𝑅sc
the circular polarization falls off as ℓ−1𝜒 as described in §4.4.

Figure 9. Results of Monte Carlo calculations showing the total and cir-
cular degrees of polarization for a screen and wave with fixed characteristic
timescales, and with varying mean values of rotation induced by the screen
at the central frequency, 𝜒0. Parameters assumed for this calculation are
𝑡res = 𝑡scat = 3𝑇 , 𝑡var = 10𝑇 . The typical difference in the rotation in-
duced by two random patches in the screen separated by a distance � ℓ𝜒 ,
is taken to be Δ𝜒 = min(𝜋, 𝜒0/10) . At large 𝜒0, Δ𝜒, the expected scaling
Πlin ∝ 𝜒−1

0 ,Πcir ∝ Δ𝜒−1 is recovered.

frequencies. Finally, even when there is no depolarization caused by
propagation, one must still have a𝜒s � a in order for the polarization
to remain highly linear.

5 COMPARISON TO OBSERVATIONS

An interesting case is that of the repeating FRB 20180301A, which
was found by Luo et al. (2020b). This burst exhibited significant
PA swings on a timescale of ∼ 10 ms while maintaining a large
degree of linear polarization (Πlin > 0.7), and having strong limits
on the level of circular polarization (. 0.03 in some bursts). Such a
behaviour is not expected for depolarization by a scattering screen
(which, whenever it affects the polarization also necessarily induces a
significant circular to linear polarization ratio). The PA swings for this
object are very likely intrinsic properties of the source. Furthermore,
the waterfall plots suggest a possible decorrelation bandwidth of
∼ 5MHz, which is slightly larger than the spectral resolution (≈
2MHz). This too points to depolarization by a scattering screen not
being significant. Furthermore, the timescale of PA variations caused
by the transverse velocity of the screen or turbulent motion of eddies
within it is

𝑡scr,var =
ℓ𝜙

𝑣max
= (500 s) a1/2co,5MHza

−1
1.25GHz𝑑

1/2
kpc𝑣

−1
max,7 (57)

where aco,5MHz ≡ a/5MHz, a1.25GHz ≡ a/1.25GHz, 𝑑kpc =

𝑑/kpc, 𝑣max,7 = 𝑣max/107cm s−1. Equation 57 shows that for any
reasonable distance of the screen, the associated variability time is
likely to be several orders of magnitude greater than 10ms.
Many other FRBs, such as 20171209A, 20190102C, 20190608B

and 20190711A, have strong upper limits on their degree of circular
polarization,while showing significant degrees of linear polarization.
In all these cases we must conclude that a𝜒s � a. Other FRBs,
such as 20140514A, 20160102A, 20180309A show reduced linear
polarization and a non-negligible amount of circular polarization,
and could be the result of a magnetized scattering screen.
A necessary (but not sufficient) condition in order to have a < a𝜒s

and significant circular polarization induced by the screen is that
ℓ𝜒 < ℓmax. As shown in equation 27 this leads to the mean rotation
induced by the screen being 𝜒0 > 1 or equivalently

RMs & 10
( a

1GHz

)2
rad m−2 (58)

where a is the central observed frequency. Only FRBs with an RM
greater than that given by equation 58 can have circular polarization
induced by the screen at an observed frequency a. The measured
RMs in FRB 20160102A is consistent with this limit, while FRBs
20140514A and 20180309A have no reported RM values.
Another FRB with intriguing polarization properties is FRB

20201124A. Hilmarsson et al. (2021) have reported on observations
of 20 bursts from 20201124A with the Effelsberg radio telescope.
Several of the bursts show significant (0.06− 0.21) degrees of circu-
lar polarization. Very recently, (Xu et al. 2021) have reported FAST
observations of the same burst, which reaffirm the high degrees of
circular polarization and find that some bursts have circular polariza-
tion as large as 0.75. Hilmarsson et al. (2021) have shown that these
fractions cannot be explained by generalized Faraday conversion.
Interestingly, we find here that the observed circular polarization
(but not the PA swings) may be attributed to multi-path propaga-
tion through a scattering screen. First, we note that FRB 20201124A
has a sufficiently large RM≈ 605pc cm−3 such that the necessary
condition given by equation 58 is easily satisfied. Furthermore, the
reported scattering time corresponds to a coherence bandwidth at

MNRAS 000, 1–15 (0000)



Multi-path depolarization 13

Table 3. Asymptotic scaling of the polarization degree with frequency for different orderings of the characteristic frequencies. The total polarization is given by
the product of the temporal and spectral polarizations: Π = Π𝑡Πa . We focus here on the expected case of ars > ar,RM. Unless otherwise stated, Π2cir/Π

2
lin ≈ 0.5

for the outgoing wave within a band of width ares. In the opposite regime, there are a large number of sub-cases, including some in which the polarization
decreases with frequency over a certain interval.

condition Polarization 𝛼 = 𝛾 = 1/3

a < arv, a < avar , a < a𝜒s Π𝑡 ∝ a
2𝛼+3
4𝛼+2 Π𝑡 ∝ a1.1

a < arv, a > avar , 𝑡scr,var > 𝑡res Π𝑡,lin ∝ a0.5,Π𝑡,cir ≈ 1
2 Π𝑡,lin ∝ a0.5

a < arv, a > avar , 𝑡scr,var < 𝑡res, a > a𝜒,s Π𝑡 ∝ a0.5 Π𝑡 ∝ a0.5

a < arv, a > avar , 𝑡scr,var < 𝑡res, a < a𝜒,s Π𝑡,lin ∝ a0.5,Π𝑡,cir ∝ a
2𝛼+3
4𝛼+2 Π𝑡,lin ∝ a0.5,Π𝑡,cir ∝ a1.1

a > arv Π𝑡 = 1

a < ars, a < aN, a < a𝜒s Πa ∝ a
2𝛼+5
4𝛼+2 Πa ∝ a1.7

a < ars, a > aN, a < a𝜒s Πa ∝ a
4
2𝛾+1 +

2𝛼+3
2𝛼+1 Πa ∝ a4.6

a > a𝜒s, a > ar,RM Πa ∝ a2 Πa ∝ a2

a > ars or a > a𝜒s, a < ar,RM Πa = 1

the central frequency, 1.36GHz, of aco ≈ 1.2MHz, which is slightly
smaller than the spectral resolution of ares = 2.5MHz. This suggests
that a slight spectral depolarization of the wave by the screen is pos-
sible and that Πcir . 0.5(aco/ares)1/2 ≈ 0.3. This is consistent with
the measured levels of circular polarization. Finally, the bursts of
FRB 20201124A with the highest degrees of circular polarization
are also those with the largest RM values. This too is qualitatively
consistent with the expectations for a scattering screen, as higher RM
makes it easier to satisfy the required criterion a < a𝜒s. We stress,
however, that the PA changes seen in 20201124A cannot naturally be
attributed to the scattering screen. The reason is that in at least one
case the PA changes by tens of degrees over 30ms (between bursts
10 and 11). As shown in equation 57, given the central observed fre-
quency and measured coherence bandwidth, this is much too short a
timescale to be attributed to a scattering screen.
FRB 20121102A provides us with another interesting case. This

burst has the largest RM value measured to date (RM ≈ 1.5 ×
105rad m−2, decreasing by about ∼ 10% in slightly less than a year;
Michilli et al. 2018) and yet it exhibits close to 100% linear polariza-
tion with the circular polarization being . 2% (Michilli et al. 2018).
FRB 20121102A easily satisfies the condition given by equation 58
for a magnetized scattering screen to convert some fraction of lin-
ear polarization at 1 GHz to circular polarization. The question is,
why didn’t 20121102A show some degree of circular polarization?
The simplest answer might be that the large RM is due to a non-
Kolmogoroff plasma in the close vicinity of the source which has
effectively ℓ𝜒 � 𝑅sc. Is it possible, though, that the lack of observed
circular polarization is consistent with a turbulent magneto-plasma
screen with the large RM? To examine this possibility, we calculate
the mean magnetic field in the screen from its RM and DM values
assuming the former to be dominated by the screen

𝐵 ‖ =
RMs2𝜋𝑚2𝑐4

𝑞3DMs
= 0.01

(
10pc cm−3

DMs

)
𝐺. (59)

Since RMs & DMs are both coming from the same physical region,
onemight expect that they suffer the same fractional change over time,
i.e. ΔDMs/DMs ∼ ΔRMs/RMs (Katz 2021). Observations place an
upper limit to ΔDM for 20121102A of ∼ 2pc cm−3 during the period
when RMs changed by 10%. This suggests that DMs < 20pc cm−3.
Combining this with equation 59 gives a lower limit on 𝐵 ‖ in this
scenario. The low degree of circular polarization is consistent with
the assumption that the measured RM is due to a turbulent screen, as
long as ℓ𝜒 & 𝑅sc. To be more precise, recalling that in the limit ℓ𝜒 >

𝑅sc we have Πcirc ≈ 0.5𝑅sc/ℓ𝜒 , a limit on the circular polarization

Πcirc < 𝑋 requires ℓ𝜒 > 2𝑋𝑅sc. Using equations 24, 28 (and taking
𝛼 = 𝛾 = 1/3) this translates to a > a𝜒,s (2𝑋)−5/23. We see that
the dependence on 𝑋 is very weak. For 𝑋 = 0.02 (as relevant for
FRB 20121102A) it is sufficient to have a > 2a𝜒,s to suppress the
circular polarization to below the observed limits. Under the same
assumptions this condition can be written as

a𝜒,s
a = 0.26a−19 DM

6
23
1 RM

6
23
5 𝐿

− 523
pc

(
𝑑
𝐿

) 5
23

(
𝐿

ℓmax

) 4
23

< 0.5→

𝐿 > 5 × 10−2a−
23
5

9 DM
6
5
1 RM

6
5
5

(
𝑑
𝐿

) (
𝐿

ℓmax

) 4
5 pc (60)

where DM1 ≡ DMs/10pc cm−3, RM5 ≡ RMs/105rad m−2. We see
that this conditions is easily satisfied for ISM-type screens at an ob-
served frequency of 1GHz. However, because of the strong frequency
dependence of the circular polarization induced by a turbulent scat-
tering screen, if observations at lower frequencies do not reveal some
level of circular polarization, the constraints can become much more
severe. Ultimately, one may be able to use this argument to rule out
the possibility that the large observed RM for FRB 20121102A is
due to a scattering screen.
As a final example, we consider the case of FRB 20180916B.

High degrees of linear polarization, Πlin ≈ 1, have been measured
from this burst at 300 − 1700Mhz frequency range (CHIME/FRB
Collaboration et al. 2018; Chawla et al. 2020; Nimmo et al. 2021). It
was therefore a surprise, when Pleunis et al. (2021) recently reported
a reduced degree of linear polarization, ∼ 0.3 − 0.7 at ∼ 150MHz.
The measured scattering time of ∼ 20ms at the same frequency, cor-
responds to a narrow coherence bandwidth, aco ∼ 20Hz, well below
the spectral resolution. As such, the observed reduced polarization
levels are consistent with expectations from spectral depolarization
due to multi-path propagation (if in addition a < a𝜒s). However the
lack of measured circular polarization is in tension with this pos-
sibility. A different option, is that the bursts measured at 150MHz
suffered temporal depolarization due to intrinsic PA swings in the
source. This could lead to a reduction of linear polarization with no
induced circular polarization (so long as a > a𝜒s).We therefore posit
that the lower level of linear polarization at 150 MHz for this burst
is an intrinsic property of the source.

6 DISCUSSION AND CONCLUSIONS

Radio sources with a high degree of intrinsic polarization might ap-
pear to have smaller polarization degree if their RM is very large such
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that the electric field direction rotates by order unit radianwithin each
frequency channel of the detector. This is a trivial situation for how
the observed polarization can be smaller than the intrinsic value. It
can be easily checked and corrected for as it has a known scaling
with frequency (see equation 9 as well as van Straten 2002; Mckin-
ven et al. 2021). Also, data analysis can de-RM a source with large
RM, easily, if either (i) the intra-channel rotation of the electric field
direction is small or (ii) by using higher frequency data: since the PA
change is 𝜒0 ∝ a−2, the intra-channel rotation of the electric field
direction eventually becomes sufficiently small as the frequency in-
creases; Once the RMhas been estimated it can be used to analyze the
lower frequency data. The scattering of the wave by an intervening
magnetized plasma screen that is studied in this work, leads to a qual-
itatively and quantitatively different level of observed polarization,
that may be greater or smaller than that of a wave passing through
a column with the same mean RM as the screen (see e.g. figure 5)
and that, for a large region of parameter space, is independent of the
mean RM of the screen (see §4.5).
We have shown that the degree of spectral depolarization by a

magnetized scattering screen between the source and the observer
is determined by the coherence bandwidth of the screen, aco, which
is the inverse of the scattering time 𝑅2

𝐹
/(2𝜋2aℓ2

𝜙
); where 𝑅𝐹 is the

Fresnel scale, and ℓ𝜙 is the smallest scale of eddies in the scattering
medium which lead to an accumulated phase-change through the
screen of ∼ 1 radian. When the smallest scale of eddies that lead to
accumulated rotation of the wave electric vector through the screen
by ∼ 1 radian (ℓ𝜒) is much smaller than the size of the screen visible
to the observer (𝑅sc), the observed degree of polarization due to
spectral depolarization is Πa = (1 + ares/aco)−1/2. The reason for
this dependence on aco or ℓ𝜙 as opposed to ℓ𝜒 is that the electric
field vector of the scattered wave at the observer switches direction
randomly for two frequencies separated by > aco. This is due to the
superposition of scattered waves from many different patches on the
screen, which have random field orientations and phases that change
by an angle of order one radian when 𝛿a & aco (see §4.3).
An additional, ‘temporal’ depolarizationmay occur if the temporal

resolution of the detector is poor compared to the effective variability
time, 𝑡var,eff = min(𝑡var, 𝑡scr,var); where 𝑡var is the intrinsic variabil-
ity time of the source, and 𝑡scr,var is the variability caused by time
dependent eddies in the screen or the motion of the screen relative to
the source/observer. Remarkably, there is a stark difference between
the case inwhich the temporal variability is intrinsic to the source and
the case in which it is dominated by the scattering screen. In the most
physically likely scenario when 𝑡var < 𝑡scr,var, the linear polarization
decreases as Π𝑡 ,lin = (1 + 𝑡res/𝑡var)−1/2, while the circular polariza-
tion is much larger Π𝑡 ,cir = (1 + 𝑡res/𝑡scr,var)−1/2. In the opposite
regime of 𝑡scr,var < 𝑡var, Π𝑡 ,lin ≈ 2Π𝑡 ,cir ≈ (1 + 𝑡res/𝑡scr,var)−1/2.
The polarization signatures due to multi-path propagation dis-

cussed in this work result in a scrambling of the Stokes parameters
on the Poincare sphere and can lead to a large (order unity, and
in some cases much higher) ratio of circular / linear polarization
(see discussion in the previous paragraph as well as in §4.3). This
mechanism is markedly different from the ‘generalized Faraday con-
version’ that requires a relatively large magnetic field strength in the
magneto-ionic medium through which the wave passes (and possibly
additional conditions such as a relativistic population of electrons or
a special field geometry) for the conversion of a linearly polarized
EM wave to an observable level of circular polarization (see §1).
Fortunately, the two scenarios can be distinguished by their different
frequency dependencies of the circular polarization. Furthermore,
multi-path propagation through a scintillating screen causes the PA

of the linearly polarized component and the orientation of the circular
component, to flip stochastically on a timescale, 𝑡scr,var.
In most cases, the frequency dependence of polarization due to

multi-path propagation is very strong (see figure 5 and table 3).
Therefore, broad band observations would be very useful for decid-
ing whether less than 100% linear polarization and / or non negligi-
ble circular polarization that have been observed for several FRBs,
might be due to the scattering of waves by a turbulentmagneto-ionic
medium between the source and us. In general, it would require a
high degree of fine tuning for a large fraction of FRBs observed at
different frequencies to exhibit order unity depolarization, i.e. have
polarization degrees at the level of tens of percent; such a situation
– 0 � Π � 1 for many bursts – would suggest that the polarization
is set at the source. A minimal requirement for a scattering screen to
cause depolarization and induce circular polarization (due to multi-
path propagation) is that it should have large mean rotation measure,
RMs > 10a2Ghzrad m

−2, showing also the presence of circular polar-
ization is more prominent at lower frequencies. In particular, circular
polarization by this mechanism requires that the observed frequency
correspond to the strong scintillation regime. An FRB with signifi-
cant circular polarization that does not satisfy these conditions must
have a different origin for the observed circular polarization (e.g.,
Lyubarskii & Petrova 1998). Finally, we point out that there are at
least a couple of FRBs such as 20180301A and 20201124A that ex-
hibit PA swings on a timescale much too short to be explained by a
scintillating screen. These PA swings, therefore, likely originate at
the FRB source itself and provide clue to the emission physics.
Magnetized scattering screens undoubtedly exist between us and

radio sources. However, deciphering the physical properties of those
screens is a non-trivial task as there are a limited number of observ-
ables available to us even in the best case scenario (e.g. dispersion
measure, scattering measure, rotation measure, angular broadening),
and a larger number of unknown parameters (distance to the screen,
its size, its density, its magnetic field strength, the velocity of the
screen or eddies within it and the minimal and maximal scale over
which the turbulent cascade persists). The situation is further compli-
cated by the fact that there could bemultiple screens between us and a
source with different rotation and dispersion measures such that RM
might be dominated by one screen and DM by another. The present
study provides tools for understanding the induced polarization due
to passage of a radio wave through such screens, and should help
us determine whether the observed polarization is intrinsic to the
source or due to propagation through a scattering screen, and can be
used to characterize the intervening screens in the latter case. This is
not only desirable in its own right, but could also be instrumental for
using FRBs as precise cosmological probes (e.g. Caleb et al. 2019;
Macquart et al. 2020; Beniamini et al. 2021).
Finally, the results developed in this paper will also be relevant to

astrophysical systems, other than FRBs, such as radio pulsars. The
large sample of Galactic pulsars, means they can provide a wealth
of high quality data. Indeed, the recent ultra wide-band observations
of pulsars could be used to check for frequency evolution of the
polarization properties (Oswald et al. 2020), and in particular, to
check for the imprints (or lack) of multi-path propagation.

ACKNOWLEDGEMENTS

PBwas supported by the Gordon and BettyMoore Foundation, Grant
GBMF5076. This work has been funded in part by an NSF grant
AST-2009619.

MNRAS 000, 1–15 (0000)



Multi-path depolarization 15

DATA AVAILABILITY

The data produced in this study will be shared on reasonable request
to the authors.

REFERENCES

Bannister K. W., et al., 2017, ApJ, 841, L12
Bannister K. W., et al., 2019, Science, 365, 565
Beniamini P., Kumar P., 2020, MNRAS, 498, 651
Beniamini P., Kumar P., Ma X., Quataert E., 2021, MNRAS, 502, 5134
CHIME/FRB Collaboration et al., 2018, ApJ, 863, 48
CHIME/FRB Collaboration et al., 2019a, Nature, 566, 230
CHIME/FRB Collaboration et al., 2019b, Nature, 566, 235
CHIME/FRB Collaboration et al., 2019c, ApJ, 885, L24
Caleb M., Flynn C., Stappers B. W., 2019, MNRAS, 485, 2281
Chatterjee S., et al., 2017, Nature, 541, 58
Chawla P., et al., 2020, ApJ, 896, L41
Cho H., et al., 2020, ApJ, 891, L38
Cohen M. H., 1960, ApJ, 131, 664
Day C. K., et al., 2020, MNRAS, 497, 3335
Gajjar V., et al., 2018, ApJ, 863, 2
Gruzinov A., Levin Y., 2019, ApJ, 876, 74
Hilmarsson G. H., Spitler L. G., Main R. A., Li D. Z., 2021, arXiv e-prints,
p. arXiv:2107.12892

Katz J. I., 2021, MNRAS, 501, L76
Kennett M., Melrose D., 1998, Publ. Astron. Soc. Australia, 15, 211
Kocz J., et al., 2019, MNRAS, 489, 919
Kumar P., et al., 2019, ApJ, 887, L30
Law C. J., et al., 2017, ApJ, 850, 76
Lorimer D. R., Bailes M., McLaughlin M. A., Narkevic D. J., Crawford F.,
2007, Science, 318, 777

Luo R., Men Y., Lee K., WangW., Lorimer D. R., Zhang B., 2020a, MNRAS,
494, 665

Luo R., et al., 2020b, Nature, 586, 693
Lyubarskii Y. E., Petrova S. A., 1998, Ap&SS, 262, 379
Macquart J. P., et al., 2020, Nature, 581, 391
Marcote B., et al., 2017, ApJ, 834, L8
Mckinven R., et al., 2021, ApJ, 920, 138
Michilli D., et al., 2018, Nature, 553, 182
Narayan R., 1992, Philosophical Transactions of the Royal Society of London
Series A, 341, 151

Nimmo K., et al., 2021, Nature Astronomy, 5, 594
Osłowski S., et al., 2019, MNRAS, 488, 868
Oswald L., Karastergiou A., Johnston S., 2020, MNRAS, 496, 1418
Petroff E., et al., 2014, Monthly Notices of the Royal Astronomical Society,
447, 246–255

Petroff E., et al., 2016, Publ. Astron. Soc. Australia, 33, e045
Pleunis Z., et al., 2021, ApJ, 911, L3
Ravi V., 2019a, Nature Astronomy, 3, 928
Ravi V., 2019b, MNRAS, 482, 1966
Shannon R. M., et al., 2018, Nature, 562, 386
Spitler L. G., et al., 2014, ApJ, 790, 101
Spitler L. G., et al., 2016, Nature, 531, 202
Tendulkar S. P., et al., 2017, ApJ, 834, L7
The CHIME/FRB Collaboration et al., 2021, arXiv e-prints, p.
arXiv:2106.04352

Thornton D., et al., 2013, Science, 341, 53
Vedantham H. K., Ravi V., 2019, MNRAS, 485, L78
Xu H., et al., 2021, arXiv e-prints, p. arXiv:2111.11764
Zheleznyakov V. V., Zlotnik E. Y., 1964, Soviet Ast., 7, 485
van Straten W., 2002, ApJ, 568, 436

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–15 (0000)

http://dx.doi.org/10.3847/2041-8213/aa71ff
https://ui.adsabs.harvard.edu/abs/2017ApJ...841L..12B
http://dx.doi.org/10.1126/science.aaw5903
https://ui.adsabs.harvard.edu/abs/2019Sci...365..565B
http://dx.doi.org/10.1093/mnras/staa2489
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498..651B
http://dx.doi.org/10.1093/mnras/stab309
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.5134B
http://dx.doi.org/10.3847/1538-4357/aad188
https://ui.adsabs.harvard.edu/abs/2018ApJ...863...48C
http://dx.doi.org/10.1038/s41586-018-0867-7
https://ui.adsabs.harvard.edu/abs/2019Natur.566..230C
http://dx.doi.org/10.1038/s41586-018-0864-x
https://ui.adsabs.harvard.edu/abs/2019Natur.566..235C
http://dx.doi.org/10.3847/2041-8213/ab4a80
https://ui.adsabs.harvard.edu/abs/2019ApJ...885L..24C
http://dx.doi.org/10.1093/mnras/stz571
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.2281C
http://dx.doi.org/10.1038/nature20797
https://ui.adsabs.harvard.edu/abs/2017Natur.541...58C
http://dx.doi.org/10.3847/2041-8213/ab96bf
https://ui.adsabs.harvard.edu/abs/2020ApJ...896L..41C
http://dx.doi.org/10.3847/2041-8213/ab7824
https://ui.adsabs.harvard.edu/abs/2020ApJ...891L..38C
http://dx.doi.org/10.1086/146878
https://ui.adsabs.harvard.edu/abs/1960ApJ...131..664C
http://dx.doi.org/10.1093/mnras/staa2138
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.3335D
http://dx.doi.org/10.3847/1538-4357/aad005
https://ui.adsabs.harvard.edu/abs/2018ApJ...863....2G
http://dx.doi.org/10.3847/1538-4357/ab0fa3
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...74G
https://ui.adsabs.harvard.edu/abs/2021arXiv210712892H
http://dx.doi.org/10.1093/mnrasl/slaa202
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501L..76K
http://dx.doi.org/10.1071/AS98211
https://ui.adsabs.harvard.edu/abs/1998PASA...15..211K
http://dx.doi.org/10.1093/mnras/stz2219
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489..919K
http://dx.doi.org/10.3847/2041-8213/ab5b08
https://ui.adsabs.harvard.edu/abs/2019ApJ...887L..30K
http://dx.doi.org/10.3847/1538-4357/aa9700
https://ui.adsabs.harvard.edu/abs/2017ApJ...850...76L
http://dx.doi.org/10.1126/science.1147532
https://ui.adsabs.harvard.edu/abs/2007Sci...318..777L
http://dx.doi.org/10.1093/mnras/staa704
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494..665L
http://dx.doi.org/10.1038/s41586-020-2827-2
https://ui.adsabs.harvard.edu/abs/2020Natur.586..693L
http://dx.doi.org/10.1023/A:1001872805645
https://ui.adsabs.harvard.edu/abs/1998Ap&SS.262..379L
http://dx.doi.org/10.1038/s41586-020-2300-2
https://ui.adsabs.harvard.edu/abs/2020Natur.581..391M
http://dx.doi.org/10.3847/2041-8213/834/2/L8
https://ui.adsabs.harvard.edu/abs/2017ApJ...834L...8M
http://dx.doi.org/10.3847/1538-4357/ac126a
https://ui.adsabs.harvard.edu/abs/2021ApJ...920..138M
http://dx.doi.org/10.1038/nature25149
https://ui.adsabs.harvard.edu/abs/2018Natur.553..182M
http://dx.doi.org/10.1098/rsta.1992.0090
http://dx.doi.org/10.1098/rsta.1992.0090
https://ui.adsabs.harvard.edu/abs/1992RSPTA.341..151N
http://dx.doi.org/10.1038/s41550-021-01321-3
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..594N
http://dx.doi.org/10.1093/mnras/stz1751
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488..868O
http://dx.doi.org/10.1093/mnras/staa1597
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1418O
http://dx.doi.org/10.1093/mnras/stu2419
http://dx.doi.org/10.1017/pasa.2016.35
https://ui.adsabs.harvard.edu/abs/2016PASA...33...45P
http://dx.doi.org/10.3847/2041-8213/abec72
https://ui.adsabs.harvard.edu/abs/2021ApJ...911L...3P
http://dx.doi.org/10.1038/s41550-019-0831-y
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..928R
http://dx.doi.org/10.1093/mnras/sty1551
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.1966R
http://dx.doi.org/10.1038/s41586-018-0588-y
https://ui.adsabs.harvard.edu/abs/2018Natur.562..386S
http://dx.doi.org/10.1088/0004-637X/790/2/101
https://ui.adsabs.harvard.edu/abs/2014ApJ...790..101S
http://dx.doi.org/10.1038/nature17168
https://ui.adsabs.harvard.edu/abs/2016Natur.531..202S
http://dx.doi.org/10.3847/2041-8213/834/2/L7
https://ui.adsabs.harvard.edu/abs/2017ApJ...834L...7T
https://ui.adsabs.harvard.edu/abs/2021arXiv210604352T
https://ui.adsabs.harvard.edu/abs/2021arXiv210604352T
http://dx.doi.org/10.1126/science.1236789
https://ui.adsabs.harvard.edu/abs/2013Sci...341...53T
http://dx.doi.org/10.1093/mnrasl/slz038
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485L..78V
https://ui.adsabs.harvard.edu/abs/2021arXiv211111764X
https://ui.adsabs.harvard.edu/abs/1964SvA.....7..485Z
http://dx.doi.org/10.1086/338810
https://ui.adsabs.harvard.edu/abs/2002ApJ...568..436V

	1 Introduction
	2 Depolarization due to finite temporal resolution
	3 Depolarization due to finite spectral resolution
	3.1 Stochastically varying wave properties
	3.2 Smoothly varying PA

	4 A temporally variable wave passing through a scintillating screen
	4.1 Length scales associated with the screen
	4.2 Time scales associated with the screen
	4.3 Toy model for polarization of a wave passing through scintillating screen with arbitrary RM
	4.4 Polarization signature from scintillating screen
	4.5 Frequency dependence of polarization properties

	5 Comparison to observations
	6 Discussion and Conclusions

