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FRB Scattering 
Basic Phenomena

FRBs undergo multi-path propagation due to 
turbulent, small-scale (  au) electron density 
fluctuations (highly frequency-dependent)
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Selection Effect


• larger scattering time  
—> lower S/N


• selection bias depends 
on observing frequency, 
density regime,         
LOS configuration


CHIME/Catalog 1: large 
population of bursts may 
be unobserved due to 
scattering

scatte
ring

Astrophysical Probe


• density fluctuations in 
ionized gas (turbulence, 
small-scale structure)


• attributable to specific 
media along LOS


- characterizing host 
ISMs & source 
environments


- limits on multi-phase 
CGM
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Figure 4. Galactic DM, electron density ne, and C2
n contribution

predicted by NE2001 for FRB 121102. The maximum DM (exclud-
ing the Galactic halo) is 188 pc cm�3. The sharp changes in ne and
C2

n between 0 and 0.3 kpc are due to structure in the local ISM. The
shaded grey region indicates the distance to the scattering screen
derived from a numerical joint-probability analysis of the measured
scattering constraints for FRB 121102; see Figure 5.

than the ⌧MW,d inferred from �⌫d. Any additional scattering441

beyond the Galactic contribution is more likely from the host442

galaxy due to the lack of intervening galaxies along the LoS,443

and the small amount of scattering expected from the IGM444

(Macquart & Koay 2013; Zhu & Feng 2020).445

3.2.2. FRB 180916446

The scattering constraints for FRB 180916 consist of a447

scintillation bandwidth �⌫d = 59±13 kHz at 1.7 GHz (Mar-448

cote et al. 2020) and a pulse broadening upper limit ⌧ < 1.7449

ms at 350 MHz (Chawla et al. 2020). The �⌫d and ⌧ upper450

limit are entirely consistent with each other, so we again use451

�⌫d and the inferred ⌧MW,d for the rest of the analysis due to452

its higher precision. Based on �⌫d, ⌧MW,d = 0.023 ± 0.005453

ms at 1 GHz. As with FRB 121102 the NE2001 scattering454

predictions for this LoS are consistent with the empirical con-455

straints to within the model’s uncertainty, suggesting that the456

Galactic halo has a small (. µs level) contribution to the457

observed scattering.458

3.2.3. Comparison with YMW16 Scattering Predictions459

The YMW16 model significantly overestimates the scatter-460

ing of FRB 121102 and FRB 180916. The DM and scatter-461

ing predictions for these FRBs are shown in Table 1. Evalu-462

ating YMW16 for FRB 121102 using the IGM mode gives463
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Figure 5. Scattering diameter vs. effective distance. The blue band
indicates the angular diameter ✓d = 2 ± 1 mas (1� errors) from
Marcote et al. (2017). The green band is the predicted angular di-
ameter for a thin-screen that matches the least-square fit to scintil-
lation bandwidth measurements and the uncertainties at ±1�. All
values are expressed at 1.7 GHz. A numerical joint-probability es-
timate constraining the overlap of the green and blue regions gives
a screen distance d̂lo ⇡ 2.3+3.2

�0.7 kpc.

(Replaced: log(⌧) = �3.012 replaced with: log(⌧) =464

�3.074) with ⌧ in seconds, implying ⌧ = 0.84 ms at 1 GHz,465

corresponding to �⌫d ⇡ 0.2 kHz, about 50 times smaller466

than the NE2001 value. Compared to the measured scatter-467

ing, the nominal output of the YMW16 model overestimates468

the scattering (Added: toward FRB 121102) by a factor469

of 28 to 35 (depending on whether a ⌫�4 or ⌫�4.4 scaling470

is used). Moreover, combining the measured ✓d with the471

YMW16 estimate for ⌧ implies a scattering screen distance472

⇠ 500 kpc, beyond any local Galactic structure that could473

reasonably account for the scattering. For FRB 180916,474

YMW16 also overestimates ⌧ to be 0.42 ms at 1 GHz, im-475

plying a scintillation bandwidth of 0.4 kHz at 1 GHz.476

The discrepancies between the observed scattering and the477

YMW16 predictions are due to several important factors.478

Unlike NE2001, YMW16 does not explicitly model electron479

density fluctuations. Instead, it calculates DM for a given480

LoS and then uses the ⌧ �DM relation based on Galactic pul-481

sars to predict ⌧ . In using the ⌧ � DM relation, the YMW16482

model incorrectly adjusts for the scattering of extragalactic483

bursts. The waves from extragalactic bursts are essentially484

planar when they reach the Galaxy, (Deleted: which means485

that the Galactic plasma will scatter them more than it486

would the spherical waves from a Galactic pulsar at a487

angular 
broadening 

measurement

scintillation 
bandwidth 

measurement

FRB 121102 (Ocker+2021a)

scintillation & angular 
broadening in Milky Way ISM 

(outer spiral arm)

FRB Scattering 

Single Screen: FRB 121102
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FRB Scattering 

Two Screens: FRB 20190520B

Galactic scintillation

extragalactic pulse broadening

2πτΔνd ≈ 1

xgal screen 
< 100 pc 

from 
source
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IPM MW	Halo Galaxies IGMISM
Host	Halo/

ISM
Local	

Environ.

Scattering Budget Overview
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Scattering Budget Overview

IPM MW	Halo Galaxies IGMISM
Host	Halo/

ISM
Local	

Environ.

τΔνd, θd

(         )
z ≳ 1

Ocker+(2021a, 2022ab)

Cordes+(2022b)
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Host Galaxy Scattering

IPM MW	Halo Galaxies IGMISM
Host	Halo/

ISM
Local	

Environ.(         )
z ≳ 1

Ocker+(2022ab)

?
FRB 20190520B — scattering definitively from local source environment:


1) mean scattering time & scintillation bandwidth —> screen dist. < 100 pc


2) scattering time varies burst-to-burst (—> screen dist. ~pc)


ISM vs. local scattering more ambiguous for most FRBs
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Host Scattering: Implications
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—> impacts interpretation of source locations & 
host galaxies in terms of progenitor populations

Galactic scattering (NE2001)
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IPM MW	Halo Galaxies IGMISM
Host	Halo/

ISM
Local	

Environ.

selection effects aside, how do we translate the scattering 
budget into interesting astrophysical constraints?
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τ ∝ ν−4 × Gscatt × F̃ × DM2 × (1 + zℓ)−3

F̃ =
ζϵ2

f(l2
oli)1/3

f

ϵ2 = ⟨(δne)2⟩/n2
e

ζ = ⟨n2
e ⟩/⟨ne⟩2

filling factor:

cloud-cloud variations:

fluctuation variance:

outer/inner scales of turbulence: lo,i

Ionized Cloudlet Model
f

lo

δne

amount of pulse broadening per unit DM given by the “fluctuation parameter”

fluctuation parameter = 
composite characterization of 
turbulent density fluctuations

Ionized Cloudlet Model: Fluctuation Parameter

1313



observed distribution of fluctuation      
parameter in MW 


= reference point for extragalactic 
environments
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we must constrain the scattering contribution of the Galac-307

tic disk. In the following sections, we first determine the308

amount of scattering that can occur in the thick disk of the309

Galaxy using the distribution of pulsar scattering measure-310

ments and DMs at high Galactic latitudes. We then com-311

pare the scattering measurements of FRB 121102 and FRB312

180916 to the scattering expected from the Galactic disk us-313

ing NE2001, and explain discrepancies between the scatter-314

ing predictions of the NE2001 and YMW16 Galactic disk315

models. Finally, in Section 3.3, we constrain the scattering316

contribution of the Galactic halo, followed by discussion of317

scattering constraints from pulsars in the Magellanic Clouds.318

3.1. Scattering from the Thick Disk319

Most currently known FRBs lie at high Galactic latitudes,320

and their LoS through the Galaxy predominantly sample the321

thick disk, which has a mean density at mid-plane of 0.015322

cm�3 and a scale height ⇡ 1.6 kpc (Ocker et al. 2020).323

The distribution of ⌧/DM2 for Galactic pulsars with mea-324

surements of ⌧ (Cordes et al. 2016, and references therein)325

and DM and other parameters from Manchester et al. (2005)1
326

yields a direct constraint on eF : ⌧/DM2 ⇡ (16 ns)A⌧
eF , for327

⌫ = 1 GHz and Gscatt = 1/3 for sources embedded in the328

scattering medium. The distribution of eF for all Galactic pul-329

sars, assuming A⌧ ⇡ 1, is shown in Figure 2. For the pulsars330

above |20|� Galactic latitude, the mean value of ⌧/DM2 from331

a logarithmic fit is (5.3+5.0
�3.3) ⇥ 10�8 ms pc�2 cm6, which332

yields eF ⇡ (3 ± 2) ⇥ 10�3 pc�2/3 km�1/3. The value of eF333

based on high-latitude pulsars is consistent with the related334

F = l1/3i
eF factor used in the NE2001 model for scattering335

in the thick disk.336

A structural enhancement to radio scattering for LoS below337

|20|� is reflected in the distribution of ⌧/DM2 shown in Fig-338

ure 2, which shows a multiple orders of magnitude increase339

in eF at low latitudes, with the largest values of eF dominating340

LoS to the Galactic center. This latitudinal and longitudi-341

nal dependence of eF is directly responsible for the “hockey-342

stick” relation between ⌧ and DM for Galactic pulsars, in343

which high-DM pulsars lying close to the Galactic plane and344

towards the Galactic center have a much steeper dependence345

on DM than pulsars lying high above the Galactic plane or346

towards the Galactic anti-center (e.g., Bhat et al. 2004; Krish-347

nakumar et al. 2015; Cordes et al. 2016). The implications of348

the directional dependence of eF for FRB LoS are discussed349

further in Section 3.2.3.350

For the many FRBs in high Galactic latitude directions,351

the Galactic disk has a virtually undetectable contribution to352

the observed pulse broadening. The DM contribution of the353

thick disk is about (23.5 ⇥ csc(|b|)) pc cm�3, which varies354

1 http://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 2. The distribution of ⌧/DM2 (which is directly propor-
tional to eF ) versus Galactic latitude for all Galactic pulsars, with
⌧ in ms referenced to 1 GHz and DM in pc cm�3. The average
value and root-mean-square of the distribution for all pulsars above
±20� latitude is shown in blue. Pulsars closer to the Galactic cen-
ter (|b| < 10�, |l| < 40�) are (Replaced: highlighted in black
replaced with: shown as orange crosses).

negligibly with longitude for |b| > 20� (Ocker et al. 2020).355

The pulse broadening at 1 GHz expected from the thick disk356

therefore ranges from ⌧ < 0.25 µs at |b| = 20� to ⌧ < 29357

ns at |b| = 90�. As discussed in the following section, scat-358

tering from the Galactic thin disk and spiral arms increases359

dramatically for FRB LoS close to the Galactic plane.360

3.2. Scattering Constraints for Two FRB Case Studies361

Unlike Galactic pulsars, for which the scintillation band-362

width and pulse broadening both result from the same elec-363

trons and conform to the uncertainty relation 2⇡�⌫d⌧d =364

C1, some FRBs indicate that two (Added: scattering) me-365

dia are involved. (Deleted: The scintillation bandwidth366

is caused by ) (Added: In these cases, the scintillation367

bandwidth is consistent with diffractive interstellar scin-368

tillation caused by) foreground Galactic turbulence while369

(Added: the) pulse broadening (Deleted: is extragalactic in370

origin, most likely from the host galaxy ) (Added: also has371

contributions from an extragalactic scattering medium372

(Masui et al. 2015; Gajjar et al. 2018; Cordes & Chat-373

terjee 2019)). Here we analyze the Galactic scintillations374

of two FRBs (Added: with highly precise scattering mea-375

surements) in order to place constraints on any scattering in376

the Galactic halo.377

3.2.1. FRB 121102378

FRB 121102 currently has the most comprehensive set of379

scattering constraints on an FRB source so far, with scintil-380

max. scattering 
from MW thick 
disk = 10s to 100s 
of ns at 1 GHz 

Ocker, Cordes, & Chatterjee (2021a)

limits on MW CGM from 

FRBs 121102, 180916, 20200120E

limit on M33 CGM 
from FRB 191108
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Interpreting Fluctuation Parameters
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Implications for Multi-Phase CGM

Vedantham & Phinney (2019)

• abundance of evidence 
for T < 10^6 K gas out to 
virial radii of L* galaxies 


• observational evidence 
for cloudlets on ~0.1 - 10 
kpc scales (possibly 
smaller) in CGM


• likely testable w/ FRBs

QSO 
absorption 
lines

(sparse 
sampling for 
individual 
galaxies)

c.f. Tumlinson+2017 (ARA&A)



requirements for multi-path scattering:


• inner scale << Fresnel scale


• bending angles > angular size of 
cloudlets


➡  large enough F̃

rF ⇠
✓
�d

2⇡

◆1/2

⇠
⇢

⇠ 0.01 au (ISM)
⇠ 6 au (intervening CGM)

<latexit sha1_base64="oY3etSLg+iquWOekm8hRbXWOSck="></latexit><latexit sha1_base64="oY3etSLg+iquWOekm8hRbXWOSck="></latexit><latexit sha1_base64="oY3etSLg+iquWOekm8hRbXWOSck="></latexit><latexit sha1_base64="YB1lmCHVuoSsWWgjyFQJs4m6iyw="></latexit>

image credit: Jim Cordes

thermal proton gyroradius: li ∝ T /B
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Implications for Multi-Phase CGM
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Low-z Science: Local Group Galaxies

�90�90�

30�

�30�

�2 �1 0 1 2 3
log10DM (pc cm�3)

�90�90�

30�

�30�

�10 �8 �6 �4 �2 0 2
log10⌧ (ms at 1 GHz)

galaxies in GWGC* w/ halo diameter > 1/2 deg; includes ISM (galaxy-type dependent) & CGM (generic)

(applicable to FRB source redshifts >0.1)

Ocker+2022b
*Gravitational Wave Galaxy Catalog

DM τ
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Low-z Science: Local Group Galaxies
van Leeuwen et al.: ARTS – System Overview and Detection of the first 5 FRBs

Table 6: Flux densities above which no persistent radio sources
are expected to be found in the FRB localisation region by
chance at the 10% level, for a 5� sensitivity limit of 350µJy.

FRB S
(mJy)

20190709A 0.21
190903 5.4
20190926B 5.3
20191020B 5.4
20191108A 0.14
20191109A 0.34

bility to discover FRBs; it can identify the potentially associated
persistent radio sources as well.

10.5. Probing the M33 halo

As shown in Fig. 38, three of our first four detections and one
unverified FRB candidate were found in the angular vicinity
of Local Group galaxy M33 (the Triangulum galaxy). This is
because our first detection, FRB 20190709A, was discovered
during a calibration drift scan observation of the quasar 3C48,
which is in the Triangulum constellation. FRB 20190926B and
FRB 20191108A were later detected during follow up ob-
servations of our first discovery. The dispersion and scatter-
ing of this set of FRBs might help investigate the M33 halo.
FRB 20191108A has the lowest angular separation from the core
of M33 and has the smallest localisation region, but all three
sources cut well through the M33 halo. They next also inter-
sect the halo of the much larger, M31 (Andromeda) galaxy that
is close to M33; and finally, the halo and disk of our own Milky
Way. Interactions between these three Local Group galaxies pro-
duce connecting gas bridges that the FRBs also skewer. The hot
gas bridge that Qu et al. (2021) identified between the Milky
Way and M31, for example, is in the FRB line of sight. Com-
bining the ⇠15� angular distance between the FRBs and M31
with the bridge model of Qu et al. (2021) suggests the baryon
bridge disperses the bursts by an additional ⇠40�200 pc cm�3.
All the FRB DMs thus ought to have components that are at-
tributable to the plasma of M33 and M31, and to the Local Group
bridges; and that amount can be no larger than the minimum ex-
tragalactic DM of the three FRBs. As the lowest extragalactic
DM of the three is ⇠540 pc cm�3, the electron column density
in the Circumgalactic Medium of M33 and M31 must be less
than ⇠500�340 pc cm�3. A larger sample of FRBs from Apertif
and other surveys may better establish this bridge floor, or even
a spatial DM gradient, in the direction of M31, in the future.
In that sense it is unfortunate that dedicated surveys with LO-
FAR did not find further FRBs in either M31 (van Leeuwen et al.
2020) or M33 (Mikhailov & van Leeuwen 2016). None of these
three Apertif bursts show any evidence of temporal scattering.
As described in Connor et al. (2020), FRB 20191108A shows
some frequency structure, but the broad, ⇠ 40 MHz fluctuations
are likely not due to propagation e↵ects in the M33 halo.

10.6. All-sky burst rate

With ALERT we have discovered five FRBs in the 800 hours
observed during 2019, corresponding to one FRB every ⇠6.9
days. To convert this to an all-sky rate, we use the FoV de-
rived in Sect. 7.2, of 8.2 sq. deg. Using a Poissonian 95% con-

Fig. 38: The location of the three FRBs and one FRB candidate
that cut within 50 kpc of M33.

fidence interval (Gehrels 1986), the inferred all-sky rate is
700+800

�400 bursts sky�1 day�1.
This burst rate is valid above a given fluence completeness

threshold. To calculate this for Apertif, we consider the SEFD
of the system, which is typically 85 Jy (Sect. 7.1). However, this
value is measured for the centres of the CBs and varies across
the FoV as is clearly visible in Fig. 15. The most conservative
completeness threshold could be derived using twice this SEFD
as we take our FoV to be the FoV out to half-power. However,
most FRBs will be found in a part of the FoV that is more sen-
sitive. Therefore we consider this limit too conservative: In 85%
of the FoV, the sensitivity is at least 70% of the maximum value.
Instead of 50%, we take this 70% of peak sensitivity as our sen-
sitivity threshold. Using the radiometer equation (Eq. 2), we then

find a fluence completeness threshold of 1.6
q

W

ms Jy ms.
The derived burst rate is in agreement with earlier values at

1400 MHz from surveys with similar fluence thresholds (Cham-
pion et al. 2016; Bhandari et al. 2018; Rane et al. 2016).

11. Data and Code Releases

ARTS data are distributed as real-time alerts, and as a time-series
archive. The ARTS codebase is publicly accessible.

11.1. Real time: VOEvents

ARTS sends out real-time FRB detection alerts using the Inter-
national Virtual Observatory Alliance (IVOA) event messaging
format, VOEvent. Detections that meet a pre-defined threshold
for viability are communicated using the FRB VOEvent stan-
dard developed by Petro↵ et al. (2017). Events are generated
locally on the ARTS cluster and broadcast via the ASTRON
network. An internal link between ARTS and LOFAR allows
for rapid triggering of the LOFAR system (cf. Pastor-Marazuela
et al. 2021); currently this system is limited to triggers on previ-
ously discovered FRBs where the approximate DM and expected

Article number, page 29 of 40

van Leeuwen+2022

The Astrophysical Journal, 768:12 (14pp), 2013 May 1 Morgan et al.

Figure 7. Size of sources as determined by circular Gaussian fit plotted against distance from M31*. 37W123, 37W115, and 37W150 are excluded from this plot due
to their extended structure (37W150 is also excluded due to the large error on its size).

3.4.2. Scattering Due to a “Thin” Disk

Outside the core, the large-scale component of NE2001 with
the highest scattering measure is the inner “thin” disk (with the
“thick” disk and spiral arms being more diffuse and with much
lower turbulence). This disk is given an annular morphology,
originally to match a feature seen in CO, but favored over a
morphology derived from the distribution of ultra-compact H ii
regions (Cordes & Lazio 2003).

The electron density of this component varies by two orders
of magnitude over the inner 5 kpc of the Galaxy. However,
taking the peak characteristic density we find that it could give
rise to scatter broadening of ∼50 mas at 1.6 GHz. The observed
source sizes that we see are therefore consistent with a scattering
measure similar to that inferred for the inner regions of our own
galaxy. Furthermore, it is possible that some of the scatter that
we see for sources farther than 5′ from M31* is also due to
scatter broadening.

While the circular Gaussian fit is very poorly constrained
due to the low S/N, the source 37W150 does appear to be
resolved (Figure 3). If this is due to scatter broadening, rather
than intrinsic source structure, it would be unsurprising given
this source’s proximity to a large H ii region.

4. DISCUSSION

4.1. Fraction of Sources Detected

As discussed in Section 3, 16 individual sources were detected
(see Figure 8). If we consider any field within 2.′′5 of another
a duplicate, this gives us a detection rate of 16/217. Recall,
however, that no flux density limit was included in our source
selection criteria, for reasons set out in Section 2.1.

For a more realistic estimate detection we restrict ourselves
to the B90 catalog and consider only those sources that would
be detected at 6.6σ or more (assuming no structure is resolved
out). This gives us a detection rate of 14/97.

Finally, by considering sources that were unresolved or only
very weakly resolved (major axis <6′′), we find a detection rate
of 13/48. This is broadly consistent with the detection rate of
Middelberg et al. (2013).

The 35/48 sources in this sample that were not detected are
also shown in Figure 8. There appear to be two double sources,
a further three are associated with compact H ii regions and are
therefore likely to be intrinsic to M31, and many appear to be
clustered in a region close to the star-forming ring.

The non-detection of a large number of objects in the star-
forming ring unresolved by the VLA indicate that a large number
of sources intrinsic to M31 could be imaged by instruments
intermediate in resolution between the VLA and the VLBA
(such as long-baseline LOFAR, e-MERLIN, and the Square
Kilometer Array (SKA)).

4.2. Future Work

The Galactic ionized ISM and its turbulence are a subject
of intense study. Techniques used to probe the ISM and the
applications of an accurate model are enumerated in Cordes &
Lazio (2002).

The difficulty of mapping the electron density distribution in
different parts of the Galaxy from our position well within the
plane should be noted. For example, as recently as 1998 there
was significant uncertainty over whether the region of enhanced
scattering responsible for the observed angular size of Sgr A*
was at the Galactic center or somewhere in the plane along the
line of sight (Lazio & Cordes 1998).

Utilizing the recent VLBA sensitivity upgrade and the tech-
niques outlined here, it would be possible to probe in the ionized
medium of another galaxy, in detail, for the first time. Further-
more, scatter broadening can be discerned from intrinsic size
(which scales with λ to the power of one or less) by its λ2 de-
pendence, allowing scatter-broadening to be quantified even in
cases where there is small-scale structure.

12

angular broadening of AGN 
viewed through M31, scattering 
very comparable to MW   

M33

Morgan+2013
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As we discuss below and as detailed by LHW15, the MS
crosses through the M31 region of the sky at radial velocities
that can overlap with those of M31 (see also Nidever et al.
2008; Fox et al. 2014). To understand the extent of MS
contamination and the extended gas around M31 beyond the
virial radius, we also searched for targets beyond 1.1 Rvirwith
COS G130M and/or G160M data. This search identified
another 18 QSOs at 1.1R/Rvir<1.9 that met the data
quality criteria for inclusion in the sample.22 Our final sample
consists of 43 sightlines probing the CGM of M31 from 25 to
569 kpc; 25 of these probe the M31 CGM from 25 to 342 kpc,
corresponding to 0.08–1.1 Rvir. Figure 1 shows the locations of
each QSO in the M31–M33 system (the filled circles being
targets obtained as part of our HST program PID: 14268 and
the open circles being QSOs with archival HST COS G130M/
G160M data), and Table 1 lists the properties of our sample
QSOs ordered by increasing projected distances from M31. In
this table, we list the redshift of the QSOs (zem), the J2000 right
ascension (R.A.) and declination (decl.), the MS coordinate
(lMS, bMS; see Nidever et al. 2008 for the definition of this
coordinate system), the radially (R) and Cartesian (X, Y)
projected distances, the program identification of the HST
program (PID), the COS grating used for the observations of
the targets, and the signal-to-noise ratio (S/N) per COS
resolution element of the COS spectra near the Si III transition.

2.2. UV Spectroscopic Calibration

To search for M31 CGM absorption and to determine the
properties of the CGM gas, we use ions and atoms that have
their wavelengths in the UV (see Section 2.4). Any transitions
with λ>1144Å are in the HST COS bandpass. All the targets
in our sample were observed with HST using the COS G130M
grating (Rλ≈17,000). All the targets observed as part of our
new HST program were also observed with COS G160M, and
all the targets but one within R<1.1 Rvirhave both G130M
and G160M wavelength coverage.
We also searched for additional archival UV spectra in

MAST, including the FUSE (Rλ≈15,000) archive to
complement the gas-phase diagnostics from the COS spectra
with information from the O VI absorption. We use the FUSE
observations for 11 targets with adequate S/N near O VI (i.e.,
5): RX J0048.3+3941, IRAS F00040+4325, Mrk352, PG
0052+251, Mrk335, UGC12163, PG 0026+129, Mrk1502,
NGC7469, Mrk304, and PG 2349−014 (only the first six
targets in this list are at R1.1 Rvir). We did not consider
FUSE data for quasars without COS observations because the
available UV transitions in the FUV spectrum (O VI, C II, C III,
Si II, Fe II) are either too weak or too contaminated to allow for
a reliable identification of the individual velocity components
in their absorption profiles.
There are also three targets (Mrk335, UGC12163, and

NGC7469) with HST STIS E140M (Rλ;46,500) observa-
tions that provide higher-resolution information.23

Figure 1. Locations of the Project AMIGA pointings relative to the M31–M33 system. The axes show the angular separations converted into physical coordinates
relative to the center of M31. North is up and east to the left. The 18 sightlines from our large HST program are shown with red filled circles; the 25 archival COS
targets are shown with open red circles. Plus signs show the GBT H I 21 cm observations described in Paper I. Dotted circles show impact parameters R=100, 200,
300, 400, and 500 kpc. Rvir=300 kpc is marked with a thick dashed line. The sizes and orientations of the two galaxies are taken from RC3 (de Vaucouleurs
et al. 1991) and correspond to the optical R25 values. The light-blue dashed line shows the plane of the MS (bMS=0°) as defined by Nidever et al. (2008). The shaded
region within bMS±20° of the MS midplane is the approximate region where we identify most of the MS absorption components contaminating the M31 CGM
absorption (see Section 2.5).

22 This search found eight additional targets at R>1.6 Rvirthat are not
included in our sample. SDSSJ021348.53+125951.4, 4C 10.08, and
LBQS0052-0038 were excluded because of low S/N in the COS data.
NGC7714 has smeared absorption lines. LBQS0107-0232/3/5 lie at
zem;0.7–1 and have extremely complex spectra. HS 2154+2228 at
zem=1.29 has no G130M wavelength coverage, making the line identification
highly uncertain.

23 For two targets, we also use COS G225M (3C454.3) and FOS NUV
(3C454.3, PG 0044+030) observations to help with the line identification (see
Section 2.3). The data processing follows the same procedure as the other data.
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Back to where it all began: SMC/LMC
5216 S. Johnston et al. 
Table 4. A comparison of measured widths ( W m ) and expected widths ( W e ) 
for four samples defined in the text. N denotes the total number in the sample. 
Sample N W m < W e W m = W e W m > W e 
LMC/SMC 23 48% 22% 30% 
HTRU, S < 0.25 mJy 68 50% 24% 26% 
HTRU, S > 1.5 mJy 169 36% 16% 49% 
HTRU, L > 125 mJy kpc 2 49 28% 10% 61% 
bright pulsars from HTRU sho w e vidence for wider pulsars than 
expectations. This clearly shows that the reason the MC pulsars 
have narrow profiles is due to the selection effects in pulsar 
surv e ys. 

On the other hand, if distant (high luminosity) pulsars have 
low impact angle compared to nearby pulsars then their pulse 
width distributions should be different. Ridley et al. ( 2013 ) and 
Manchester et al. ( 2006 ) have shown that the luminosity function 
abo v e 125 mJy kpc 2 is the same for Galactic and MC pulsars. In 
a similar fashion to abo v e, we construct a high luminosity sample 
from the HTRU surv e y and take the pulse widths from Posselt et al. 
( 2021 ). Results are shown in the bottom row of Table 4 . We see that 
the profiles of the high luminosity Galactic sample are significantly 
wider than those of the Magellanic sample. This again demonstrates 
that the morphologies of the Magellanic pulsars are dominated by 
selection effects towards narrow profiles. 

There remains a possibility that MC pulsars are inherently different 
to Galactic pulsars as, for example, the metallicity of the MCs 
is different to that in the Milky Way. This could manifest itself 
as a difference in initial spin and magnetic properties of the MC 
pulsars. With only a small number of pulsars at our disposal this 
is difficult to test, albeit attempted by Titus et al. ( 2020 ) for the 
SMC. 
4.3 Scintillation 
We were able to measure the dif fracti ve scintillation bandwidth, 
!νd , for four of the foreground pulsars and eight of the brighter MC 
pulsars. For the low DM foreground pulsars, !νd ranges from 2 to 
5 MHz. For the MC pulsars, !νd ranges from 0.1 to 1.6 MHz. In 
addition, we include the measurement of scattering in PSR J0540–
6919 by Geyer et al. ( 2021 ). There is a relationship between the 
scattering time (and therefore !νd ) and DM for Galactic pulsars as 
given most recently by Krishnakumar et al. ( 2015 ) and Cordes et al. 
( 2016 ). If we assume the scintillation in the MC pulsars is caused 
by the interstellar medium within the MCs themselves we can place 
these pulsars on the same relationship by using the DMs given in 
Tables 2 and 3 . 

Fig. 5 shows scattering time versus DM for Galactic pulsars (from 
the literature) and the MC pulsars from this work in addition to the 
relationship of Cordes et al. ( 2016 ). The foreground pulsars fall nicely 
on the trend. For the LMC pulsars, PSR J0540–6919 has very large 
scattering for its DM. This scattering almost certainly arises from the 
pulsar’s parent supernova remnant in the same way as the Vela pulsar 
is heavily scattered by the Gum nebula. The other LMC pulsars fall 
on the trend, apart from PSR J0555–7056 for which it is possible 
that the DM contribution of the LMC has been underestimated by 
Yao et al. ( 2017 ). The three SMC pulsars appear slightly under- 
scattered, even though we expect the scattering to be a factor two 
higher than the standard Galactic case for a pulsar with a screen 
located at half the pulsar’s distance. Again, the DM contribution 
from the Galaxy and its halo may be underestimated (and hence 

Figure 5. DM versus scattering time for selected pulsars. Green diamonds 
and orange stars denote LMC and SMC pulsars, respectively, red squares 
denote foreground pulsars and blue dots other pulsars with measurements 
from the literature. For each MC pulsar, the horizontal dotted lines connect 
the DM within the MCs to the total DM. The dash and dotted black lines 
show the fit of Cordes et al. ( 2016 ) and associated error estimation. 
the SMC contribution o v erestimated) by Yao et al. ( 2017 ) and a 
discussion of this possibility can be found in Price, Flynn & Deller 
( 2021 ). The flux density variations of more than a factor of 10 in 
PSR J0045–7319 could be from large-scale refractive effects, or the 
presence of an achromatic second screen near the pulsar. It is possible 
that the scintillation may still arise from the Milky Way rather than 
the MCs, which a single measurement of νd does not rule out. A 
measurement of annual variation in the scintillation time-scale, or 
an angular broadening measurement would distinguish between the 
two cases. 
5  SUMMARY  
We hav e pro vided polarisation profiles for 14 pulsars in the LMC 
and SMC and updates on their DMs and RMs. The inferred values 
of B || are in line with expectations for the LMC and SMC, although 
local conditions such as those around PSR J0540–6919 are also 
important. We show that the MC pulsars are narrower than expected 
from the period-width relationship of Posselt et al. ( 2021 ) and 
demonstrate that this is likely a selection effect in the pulsar surv e ys 
that detected them, rather than an intrinsic property of the pulsars 
themselves. The scintillation parameters for the pulsars in the LMC 
are broadly in line with expectations apart from PSR J0540–6919 
which has enhanced scattering from its parent supernova remnant. 
In the SMC, the relatively low scattering may imply that the 
DM contribution from the Galactic halo is underestimated. Further 
observations are required to determine the location of the scattering 
screens. 

Drawing significant conclusions from the data are hampered by 
the small number of known pulsars in the Magellanic system. In 
the near future, MeerKAT will surv e y the Magellanic Clouds for 
pulsars to a much greater depth than the previous Parkes surveys 
(Stappers & Kramer 2016 ). This should allow the ideas put forward 
in Sections 4.2 and 4.3 to be explored in more detail and should 
fill in the pulsar contribution to Fig. 4 . Finally, many more RMs to 
extra-galactic sources seen through the MCs should be made possible 
through the surv e ys on the ASKAP telescope (Johnston et al. 2008 ; 
Gaensler & POSSUM Collaboration 2010 ). 
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Figure 1: Multi-wavelength image of the field surrounding the burst. The gray scale and
contours respectively show Hα and HI emission associated with the SMC (8, 9). Crosses mark
the positions of the five known radio pulsars in the SMC and are annotated with their names and
DMs in parentheses in units of cm−3 pc. The open circles show the positions of each of the 13
beams in the survey pointing of diameter equal to the half-power width. The strongest detection
saturated the single-bit digitizers in the data acquisition system, indicating that its S/N ! 23.
Its location is marked with a square at right ascension 01h 18m 06s and declination −75◦ 12′
19′′ (J2000 coordinates). The other two detections (with S/Ns of 14 and 21) are marked with
smaller circles. The saturation makes the true position difficult to localize accurately. Based
on the half-power width of the multibeam system, the positional uncertainty is nominally ±7′.
However, the true position is probably slightly (∼ few arcmin) north-west of this position given
the non-detection of the burst in the other beams.
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