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Gravitational lensing + wave scattering in plasma

FRB scintillation, lensing and as probes 
of Cosmology

• FRB circular polarization – scintillation in magnetized plasma

•
Cosmology•

217 ms periodicity of 191221A and radiation physics



The flux observed from an astronomical source when photons travel 
through a gravitational potential and plasma on their way to the 
observer is given by

where Is the Fresnel angle

is the time delay due to travel 
in the gravitational potential Φ

Lensing by a point mass located in a plasma screen

The above integral reduces to geometric optics description 
when the gravitational radius of the object is ≫ 𝝀

Kumar & Beniamini, 2022

𝛿𝑡! = 4.4 𝑚𝑠 𝜈"#$%& DM(�⃗�) plasma time delay



Induced circular polarization by a magnetized-scintillating screen

This is distinct from depolarization due to large 
RM, or small circular polarization from 
“generalized Faraday rotation”

Incoming wave 
linearly polarized

Scintillating 
screen

Linearly polarized EM wave passing 
through a scintillating screen undergoes 
different phase and PA changes from 
different parts of screen. The wave can:

Become partially depolarized

Get converted to partially circularly 
polarized wave
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Toy model – Double slit experiment

A monochromatic, linearly polarized, 
plane EM wave passing through 2-slits

φA : phase shift suffered by the wave
while passing through slit ”A”

Stokes 
parameters

χA : wave electric field rotation angle
after passing through slit “a”

In general, 𝝓𝑨 ≠ 𝝓𝑩

If 𝝌𝑨 ≠ 𝝌𝑩 ,  𝑽 ≠ 𝟎 ⟹ induced 𝜫𝒄𝒊𝒓



Scintillation in magnetized medium –
generation of circular polarization

• Rotation of electric field by turbulent eddy of size 𝒍:    𝜹𝝌~𝝌𝟎
𝒍
𝑳

𝒍
𝒍𝒎𝒂𝒙

𝟏/𝟑

• For eddy size 𝒍𝝌, 𝜹𝝌 𝒍𝝌 = 𝟏, 𝒍𝝌: rotation length;   𝜹ϕ 𝒍ϕ = 𝟏, 𝒍ϕ: diffraction length

• Mean rotation small compared to mean phase  𝝌𝟎
𝝓𝟎
~ 𝝎𝑩

𝝎
≪ 𝟏

• 𝒍𝝌
𝒍𝝓
~ 𝝎

𝝎𝑩

𝟔/𝟓
~ 𝟑1𝟏𝟎𝟖𝝂𝟗𝑫𝑴𝒔

𝑹𝑴𝒔

𝟔/𝟓
≫ 𝟏

• But, as long as 𝒍𝝌< 𝑹𝒔𝒄 induced 𝜫𝒄𝒊𝒓 will be of the 
order of 𝜫𝒕𝒐𝒕 ; 𝑹𝒔𝒄 is scattering radius

• Effect relies on fluctuations in 𝒏𝒆, 𝑩||

Incoming wave 
linearly polarized



source 
variability

screen 
variability

𝚷𝐥𝐢𝐧 𝚷𝐜𝐢𝐫

Polarization change due to a scintillating screen



Comparison with observations - FRB 201124A

• Effelseberg and FAST measured large circular polarization: 𝟎. 𝟎𝟔 < 𝜫𝒄𝒊𝒓 < 𝟎. 𝟕𝟓

• Large (fluctuating) RM~𝟔𝟎𝟎 𝒓𝒂𝒅
𝒎𝟐 (𝒍𝝌 < 𝒍𝒎𝒂𝒙 𝐰𝐡𝐢𝐜𝐡 𝐢𝐬 necessary for induced 𝜫𝒄𝒊𝒓)

• 𝝂𝒄𝒐~1.2MHz < 𝟐. 𝟓MHz~𝝂𝒓𝒆𝒔 ⟹ slight spectral depolarization expected from screen 

• Highest circular polarization when RM is highest

• However: rapid PA swings (tens of degrees in 30 ms) not from the scattering screen
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Gravitational lensing of FRBs and 
plasma scattering of radio waves



Lensing probability (without plasma)

1.  Galaxies & other massive objects:

2. Stellar mass objects: 

Future surveys with 104 FRBs should find 10s of lenses, with 
arrival time delay measured to an accuracy of ~1ms, 𝜹𝑻

𝑻
~𝟏𝟎%𝟏𝟎

for galactic mass lens (~1 for stellar mass lens).  

𝑷 > 𝝁 ≈ 𝟎.𝟑 𝜴𝒈𝒂𝒍
𝝁𝟐

~ 5x10−3

𝝁𝟐

𝑷 𝝁~𝟏 ≈ 𝟐. 𝟓𝐱𝟏𝟎%𝟒
𝜴𝑴⊙
𝟎.𝟎𝟎𝟒

(z>2)

(Z ≲ 𝟎. 𝟓)

(Madau & Dickinson, 2014)

(Narayan & Bartelmann, 1996)
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Lensing by a point mass located in a plasma screen



Gravitational Lensing with wave scattering in plasma has several effects:

1. Magnification is reduced – because source size is broadened

3. Time delay between images is modified by the non-unit
index of refraction of the medium

6. Conversion of linear to Circular polarization

4. Lightcurves of different images are broadened (or smeared)
by different amounts due to turbulence along different
photon trajectories.

2. Optical depth to lensing is modified – due to magnification cap 

5. Measurement of differential-DM over short distances



Lens equation
𝜽𝑰 − 𝜽𝑺
𝜽𝑬
𝟐 - 𝟏

𝜽𝑰
+ 𝒄
𝟐𝑹𝒔

𝝏𝒕𝒑
𝝏𝜽 𝜽𝑰

= 0

Where:

𝜽𝑬 = 𝟐 𝑹𝒔𝒅𝑺𝑳
𝒅𝑺𝑶𝒅𝑳𝑶

𝟏
𝟐

is Einstein angle
RS: gravitational radius of the lens

tP: time delay due to
propagation through
plasma

𝜇 = 𝑚𝑖𝑛
𝜃G
2𝜃H

,
𝜃G

4𝜃′HIJK

Maximum magnification:

Lensing by a point mass located in a plasma screen
Kumar & Beniamini, 2022



Order of magnitude estimate for 𝜽𝑬 &𝜽𝒔𝒄𝒂𝒕

Thus, magnification is suppressed for lens mass ≲ 102 𝑴⊙ (104 𝑴⊙) when plasma 
screen is in the lens plane; the effect is much weaker when plasma & gravitational 
lens planes are far apart. 

For a stellar mass lens with dLO ~ 1 Mpc (1 Gpc) & dSO ~ 2 Gpc:  

𝜽𝑬 = 5x10-10 (2x10-11) rad

The diffraction scale for Galactic IGM is,  ℓ𝒅𝒊𝒇𝒇 ≈ 1010 cm

∴ 𝜽𝒔𝒄𝒂𝒕 ~ 𝝀
ℓ𝒅𝒊𝒇𝒇

~ 3x10-9 (at 1 GHz)

The precise limit is (Kumar & Beniamini, 2022):

𝑴𝒎𝒊𝒏(𝝁𝒎𝒂𝒙) = 7 𝑴⊙ 𝒇𝒅𝟐 𝝁𝒎𝒂𝒙,𝟏𝟐 𝜽𝒔𝒄𝒂𝒕,%𝟗𝟐 dLO,22 (dSL/dSO)

where   fd = dPO/dLO when  dLO > dPO else
fd = dPS/dLS



Magnification in presence of turbulent plasma



Modification to Lensing probability by plasma screen



Time delay & scatter 
broadening of LCs

time

flu
x

1. Extra time delay due
to plasma, which is
different for the two
images.

2. Scattering broadens
the pulse, and the LCs 
for the two images
have different shapes. 



Time delay & scatter 
broadening of LCs

time

flu
x



It can be shown that the time scale for scatter broadening of 
an FRB pulse by turbulent plasma is 

𝑡XY ≈
Z!"#$% [&'['(

Y [&(
= \ ]!

Y
Z!"#$%

Z)
%

[&'
%

[&(
%

The geometric+gravitational time delay between the two images is:

𝜟𝒕 = 𝟒 𝑹𝒔𝜽𝒔
𝒄 𝜽𝑬

≈ 𝟒 𝑹𝒔
𝒄

∴ 𝒕𝒔𝒄 < 𝜟𝒕 when
𝜽𝒔𝒄𝒂𝒕 𝒅𝑺𝑳
𝒅𝑺𝑶

<  𝜽𝑬

This is the same condition as the suppression of magnification by plasma

Thus, the two image LCs can be separated for lens mass  ≳ 102 𝑴⊙

(when plasma is in the lens plane)

One can explore lower mass lens at  ↑ 𝝂,  as 𝑴𝒎𝒊𝒏 ∝ 𝝂%
𝟐𝟒
𝟕

[𝐌𝐦𝐢𝐧 is smaller (by fd ) when plasma screen is not in the lens plane] 



Another problem posed is that even when the time 
difference  between the two images is much larger than 
the burst duration and the turbulence broadening time, 
the lightcurves for the two images would look very 
different because photons have traveled through different 
turbulent eddies. 

Therefore, one would need additional 
information, such as angular separation 
between images to identify lensing event.



2 RE = 2 𝜽𝑬 𝒅𝑺𝑳

𝑹𝑬 ~ 𝑹𝑺𝒅𝑺𝑳

~ 1 kpc 𝑴𝑳
𝟏𝟎𝟗𝑴⊙

𝟏/𝟐
𝒅𝑺𝑳,𝟐𝟖
𝟏/𝟐

DMs for different images 
would determine plasma 
density fluctuations on 
length scale of ~ kpc

By monitoring an FRB 
repeater, one can also find 
out the time scale for 
density fluctuation.



FRB 20191221A with 217 ms periodicity
C

H
IM

E
/F

R
B

 c
ol

la
bo

ra
tio

n 
(2

02
2)



Implications of FRB 20191221A’s 217-ms periodicity

Could this periodicity be due to NS crust oscillation?

Seems unlikely as QPOs have frequencies ≳ 10 Hz. Moreover, crustal 
oscillations have frequency ~102 Hz, which should show up in the data for 
FRBs with duration > 20 ms, but nothing like that has been seen.

If the 217-ms periodicity due to NS spin period:

Suggests a young magnetar with age ~ 10 yrs

CHIME team reports the periodicity to very high accuracy 216.8 ± 0.1 ms. And  
find average pulse width to be 4 ± 1 ms. If these claims are correct then they 
constrain the possible physics and radiation mechanism for this object severely. 

• Radio bursts from this object couldn’t be rotation powered – required B ≳ 1017 G  

•

Several other implications of this periodicity is still being worked out. I 
hope to have that completed by the time of the Cornell workshop.



109cm < R <1013 cm

Magnetar wind + jets

external shocks

Inter
nal

shock
s

Refreshed
external shocks

Pulse width 
increases 
with time; 
not what the 
data shows

..
.
. Magnetar

wind

Magnetar

wind

This might work if    𝝈
𝟏/𝟐𝑳𝒘

𝟑/𝟒

𝑳𝒇𝒍𝒂𝒓𝒆
𝟏/𝟒 𝚪𝒘𝟐

is constant

Far away models for FRBs



FRB coherent radiation can escape 
from the NS magnetosphere if e±

stream along field lines in the outer 
magnetosphere with LF ≳ 102



If FRB 20191221A radiation originates in the magnetosphere 
then its 217-ms periodicity is likely the result of a narrow 
beam of opening angle 10-2 rad for a aligned rotator NS 
model; for a non-aligned rotator, the beaming angle can be 
larger. The model is still under development, and I hope to 
have something more concrete in two weeks. 



FRBs for probing the reionization era?



Do we expect FRBs at high redshifts (z>6)?

Exploring the hydrogen reionization epoch using FRBs
(Beniamini, Kumar, Ma & Quataert, 2021)

UV photons for the cosmic reionization (z>6)  are supplied by stars ≥ 𝟏𝟎𝑴⊙

About 𝟒𝟎% of massive stars produce magnetars at z=0 (Beniamini et al. 2019)

High z, metal poor, stars have faster rotation rates. They are likely to 
leave behind fast rotating compact remnants with strong magnetic fields 
as per the mechanism suggested by Thompson & Duncan.

In any case, we know that there are GRBs at z > 6, including one at 9.4 
(Cucchiara et al. 2011). 

GRBs require strong magnetic field & a compact object (BH or NS)

These high-z GRBs have properties similar to their lower-z cousins.

So, it is not a big stretch to assume that magnetars and FRBs should 
be there during the reionization epoch waiting to be discovered

•
•

•

•



Detectability of FRBs at z>6

The fraction of 9 FRBs 
with known
redshifts which would 
be detectable up to a 
redshift z. Results are 
shown as a
solid (dot-dashed) 
curve for the specific-
fluence threshold of 1 
Jy ms (0.1 Jy ms) at 
500 MHz and assuming 
a spectral slope of 𝜶 = 
-1.5 (fν∝ 𝝂𝜶)

Beniamini et al. 2020



Exploring Hydrogen Reionization Epoch

Beniamini, Kumar, Ma & Quataert (2021)
H reionization with FRBs 3

Figure 1. The upper panel shows the number of electrons per baryon, ⇠e, as
a function of redshift for two different H-reionization models. The solid line
represents the current observational estimates for ⇠e at redshift larger than 6,
cf. (Finkelstein et al. 2019; Robertson et al. 2015) which we refer to as ⇠e,o(z).
The dotted curve (corresponding to ⇠e,t(z) which is given by Eq. 5) is a model
we made up as a combination of linear and exponential functions to determine
whether FRBs can discriminate between different reionization histories. The
lower panel shows dispersion measure (DM) as a function of z for these two
different hydrogen reionization histories.

This expression for ⇠e for 3 < z < 4 approximately takes into ac-
count the second helium reionization and above z = 6 accounts for
the first helium reionization and the hydrogen reionization. Note that
Robertson et al. (2015) provide ionization fraction for z & 6. At lower
redshifts we therefore adopt the same ionization histories for both
⇠e,o(z) and ⇠e,t(z). We stress that the results in this paper are largely
independent of the assumptions regarding the details of the HeII to
HeIII reionization, as we are primarily interested at the distribution of
bursts at significantly higher redshifts/DMs. The purpose of the test
model, ⇠e,t(z), is simply to demonstrate that the technique outlined in
this paper has the capacity to differentiate between different hydrogen
reionization evolutions.

2.2 FRB rate and their DM distribution

2.2.1 The entire distribution

The number of FRBs in the local universe per unit volume, per unit
time, with isotropic specific-energy2, E⌫0 , at frequency ⌫0 is found to
be a power-law function, e.g. Lu & Piro (2019)

f(> E⌫0) = �FRB E
�↵E

⌫0,32
, (6)

where �FRB ⇠ 1.1x103 Gpc�3 yr�1, ↵E = 0.7 and E⌫0,32 is
the isotropic equivalent specific-energy release by bursts at frequency
⌫0 = 1 GHz in units of 1032 erg Hz�1. This power-law function holds
above the minimum FRB energy E

min
⌫0 ⇠ 1030 erg Hz�1 and below

E
max
⌫0 ⇠ 1034 erg Hz�1. Note that we have assumed here that the

spectral energy distribution of FRBs is independent of redshift, which
is consistent with current observations (Hashimoto et al. 2020). This
assumption can be easily relaxed if future observations, with much
larger sample of FRBs (particularly those with known redshifts), sug-
gest redshift evolution of FRB luminosity function.

We take the FRB rate per unit comoving-volume at redshift z to
be

ṅFRB(z,> E⌫) = f(> E⌫)
ṅ⇤(z)

ṅ⇤(z = 0)
. (7)

where ṅ⇤(z) is the number of stars formed per year at z with mass
in the appropriate range so that their remnants are neutron stars; we
assume that the initial mass-function (IMF) is the same at low and
high redshifts. The total mass of stars formed per comoving-volume
per year is taken to be as given by Madau & Dickinson (2014)

ṁ⇤(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M� year�1 Mpc�3

. (8)

For a non-evolving IMF,

ṅ⇤(z)
ṅ⇤(z = 0)

=
ṁ⇤(z)

ṁ⇤(z = 0)
. (9)

The total number of FRBs per unit time (in observer frame) and
per unit DM is

dṄFRB

dDM
=

ṅFRB(z, > E⌫)
1 + z(DM)

4⇡r2(DM)
dr

dDM
, (10)

where we made use of the comoving volume at redshift z to be

dV = 4⇡r2dr =
4⇡r2(z)c
H(z)

dz, (11)

z(DM) is given by Eq. 4, r(DM) is comoving distance to an FRB at
redshift z given by

r = c

Z z

0

dz

H
=

c

H0⌦
1/2
m0

Z z

0

1

[(1 + z)3 + ⌦⇤0/⌦m0]
1/2

, (12)

and the factor (1 + z) in the denominator of Eq. 10 converts the rate
from comoving frame at z to the observer frame.

2.2.2 The observable distribution

The DM-distribution of FRB-rate above the observed specific fluence
e
o,Th

⌫ is given by

dṄFRB(> e
o,Th

⌫ )
dDM

=
ṅFRB(z,> E

TH

⌫1 )

1 + z(DM)
4⇡r2(DM)

dr

d(DM)
, (13)

2 Specific-energy refers to energy per unit frequency.
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represents the current observational estimates for ⇠e at redshift larger than 6,
cf. (Finkelstein et al. 2019; Robertson et al. 2015) which we refer to as ⇠e,o(z).
The dotted curve (corresponding to ⇠e,t(z) which is given by Eq. 5) is a model
we made up as a combination of linear and exponential functions to determine
whether FRBs can discriminate between different reionization histories. The
lower panel shows dispersion measure (DM) as a function of z for these two
different hydrogen reionization histories.
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count the second helium reionization and above z = 6 accounts for
the first helium reionization and the hydrogen reionization. Note that
Robertson et al. (2015) provide ionization fraction for z & 6. At lower
redshifts we therefore adopt the same ionization histories for both
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bursts at significantly higher redshifts/DMs. The purpose of the test
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He II reionization

H  &  He I 
reionization

DMmax depends on the 
reionization history

∆𝑫𝑴𝒎𝒂𝒙 = 𝟓𝟎𝟎 𝒑𝒄 𝒄𝒎R𝟑 → ∆𝝉𝑻 ≤ 𝟎. 𝟎𝟎𝟖 (𝒃𝒆𝒕𝒕𝒆𝒓 𝒕𝒉𝒂𝒏 𝑷𝒍𝒂𝒏𝒄𝒌)

Robertson et al. (2015)



Beniamini, Kumar, Ma & Quataert (2020)

Planck 2020  (1-𝜎 range)



Summary

• Gravitational lensing of FRBs is modified by waves moving 
through turbulent plasma. The effect is move severe for lens 
mass ≲ 𝟏𝟎𝑴⨀. But cannot be ignored even for galactic mass 
lens.

• FRBs are useful probes for baryon distribution and possibly 
also of He and  H reionization era.

• Some cases of circular polarization of FRBs could be the 
result of radio waves propagating through a magnetized, 
turbulent, plasma. 

• FRB 201221A with reported 217 ms periodicity provides 
useful constraints on the object properties and radiation 
physics.


