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Fast radio bursts (FRBs) are micro–to–millisecond duration radio transients1 that originate

mostly from extragalactic distances. The emission mechanism responsible for these high lu-

minosity, short duration transients remains debated. The models are broadly grouped into

two classes: physical processes that occur within close proximity to a central engine (e.g.

Ref.2); and central engines that release energy which moves to large radial distances and

subsequently interacts with surrounding media producing radio waves (e.g. Ref.3). The ex-

pected emission region sizes are notably different between these two types of models (e.g.

Ref. 4). FRB emission size constraints can therefore be used to distinguish between these

competing models and inform on the physics responsible. Here we present the measurement

of two mutually coherent scintillation scales in the frequency spectrum of FRB 20221022A5:

one originating from a scattering screen located within the Milky Way, and the second orig-

inating from a scattering screen located within its host galaxy or local environment. We

use the scattering media as an astrophysical lens to constrain the size of the lateral emission

region4, R⋆obs ≲ 3 × 104 km. We find that this is inconsistent with the expected emission

sizes for the large radial distance models6, and is more naturally explained with an emission

process that operates within or just beyond the magnetosphere of a central compact object.

Recently, FRB 20221022A was found to exhibit an S-shaped polarisation angle swing5, sup-

porting a magnetospheric emission process. The scintillation results presented in this work

independently support this conclusion, while highlighting scintillation as a useful tool in our

understanding of FRB emission physics and progenitors.

Inhomogeneities in the interstellar medium cause the radio waves from point sources to scat-
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ter, which results in temporal broadening of the signal7 (parameterised by the scattering timescale

τs at some reference frequency). Scattering creates a stochastic interference pattern on the signal,

called scintillation, corresponding to a frequency-dependent intensity modulation (parameterised

by the characteristic frequency scale, known as the decorrelation bandwidth ∆νDC specified at

some frequency)7. Temporal broadening becomes larger towards lower frequencies, τs ∝ ν−α,

and spectral “scintles” become wider towards higher frequencies, ∆νDC ∝ να. The index α is

often close to the expectation from Gaussian density fluctuations in the scattering medium, α = 4.

Moreover, scattering and scintillation are inversely proportional8: τs ∼ C/(2π∆νDC), with C in

the range 1–2. Scattering and/or scintillation measurements in the radio signal are a powerful

probe of interstellar optics9. Such measurements have been used to resolve emission regions in

the Crab pulsar10; measure relativistic motion in Crab pulsar giant pulses11; probe the circumburst

environment of FRBs12; and have the potential to probe the structure of the circumgalactic medium

(CGM; e.g. Ref.13, 14).

The CHIME/FRB experiment15 recently discovered the as-yet non-repeating FRB, 20221022A

5. The event was detected by the real-time FRB search system15 with a S/N of 64.9 and channelised

voltage data were recorded. The event was processed using the CHIME/FRB baseband pipeline16,

which produced a beamformed data product containing complex voltages for both X and Y polar-

isation hands, with a time resolution of 2.56µs and frequency resolution of 0.39 MHz. The FRB

was localised5, 16 to equatorial coordinates Right Ascension R.A. (J2000)= 03 h 14m31 s(22),

Declination Dec. (J2000)= +86◦52′19′′(14), and associated with a host galaxy at a redshift of

0.0149(3) with posterior probability ≳ 99%.
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The beamformed baseband data were coherently and incoherently dedispersed to a DM of

116.8371 pc cm−3, measured by maximising the structure in the burst using DM phase5, 17. The

data were then upchannelised to a frequency resolution of 0.76 kHz (see Methods), at the expense

of time resolution (where we are limited by the Nyquist limit: δtδν ∼ 1). This frequency resolu-

tion is the highest we can achieve before diluting the signal with noise, given the total width of the

FRB (∼ 2ms; Extended Data Figure 1). This resolution is sufficiently high to allow us to probe the

expected decorrelation bandwidth from the Milky Way interstellar medium (∼ 400 kHz at 1 GHz,

scaling to ∼ 52 kHz at 600 MHz, estimated from the NE2001 Galactic electron density model18, 19).

The autocorrelation function (ACF; see Methods) of the upchannelised burst spectrum (i.e. the flux

density as a function of frequency integrated over the 2-ms duration of the burst), was then com-

puted and is shown in Figure 1. For a burst spectrum that exhibits intensity fluctuations due to

scintillation, the expected functional form of the ACF is a Lorentzian where the half-width at half-

maximum is the decorrelation bandwidth20. Additionally, the ACF that we compute is normalised

such that the peak of the Lorentzian is the square of the modulation index (see Methods), defined

as the standard deviation of the observed spectrum divided by its mean20. Three distinct frequency

scales are evident in the ACF (Figure 1), which we measure by performing a least-squares fit of

the addition of three Lorentzian functions to the ACF (see Methods). The ∼ 30MHz scale, which

is also apparent in the burst dynamic spectrum (Extended Data Figure 1), is not scintillation, but

rather an instrumental ripple introduced by reflections between the mesh and the focal line (sepa-

rated by 5 m) of the semi-cylindrical CHIME reflectors21. We confirm that the other two frequency

scales are both scintillation from two distinct scattering screens by computing the ACF for eight
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subbands across the CHIME observing band of 400–800MHz, containing an equal fraction of the

burst S/N, measuring both scales in each subband, and observing that they evolve with frequency

with index α = 3.9 ± 0.7 and α = 3.1 ± 0.2 for the frequency scales ∆νDC = 6 ± 1 kHz and

∆νDC = 124 ± 7 kHz at 600MHz, respectively (Figure 2; see Methods). Scaling our scintillation

measurements to 1 GHz using the measured α, we are able to compare with the scattering predic-

tion from the Galactic electron density model, NE2001 (τs at 1 GHz)18. We find that the 6 kHz

scintillation scale is a factor of ∼ 9 less than the prediction, while the 124 kHz scale is a factor of

∼ 1.5 larger. Naively, one might expect the 124 kHz to be the Galactic scintillation scale due to its

better agreement with predictions, however it is worth noting that Galactic electron density models

have large uncertainties (e.g. as discussed in Ref.22), especially for lines-of-sight at high galactic

latitude, as is the case for FRB 20221022A (b ≈ 24.6◦).

In addition to the decorrelation bandwidth, we also measure the modulation index of the two

scintillation scales: m6 kHz = 1.2 ± 0.1 and m124 kHz = 0.78 ± 0.07, for the 6 kHz and 124 kHz

scintillation scales, respectively (see Methods). Over the observing band the modulation index of

both scintillation scales are consistent with being constant with frequency (Figure 2).

The modulation index m6 kHz is consistent with order unity, which indicates “perfect” mod-

ulation from a point source. We observe that m124 kHz < m6 kHz, which one can explain by either

the screen closest to the observer partially resolving the farther screen, or the farther screen par-

tially resolving the source. In the Methods we derive the expected frequency dependence of the

modulation index for both situations above, and we fit to the data in Figure 2. For the case where
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the screen closest to the observer is partially resolving the farther screen, we derive a stronger

frequency dependence on the modulation index (Equation 24 in Methods) than what we observe

(Figure 2), leading us to conclude that the lower modulation index, m124 kHz, is due to the emission

region being partially resolved by the farther screen (which has a weaker frequency dependence;

Equation 23 in Methods). However, neither fit perfectly represents the data, which could be due

to the functional forms (Equations 24 and 23 in Methods) becoming more complex when invoking

complicated morphological structure of the scattering medium (see Methods and Figure 2). Given

that neither fit above describes the data, we strengthen the claim that the emission site is being re-

solved using the measured frequency dependence of the 124 kHz scintillation scale, α = 3.1±0.2:

for the case where everything is perfectly unresolved we expect α ∼ 4, for the emission region

being partially resolved by the 124 kHz scintillation screen we expect α ∼ 3, while for the 6 kHz

screen partially resolving the 124 kHz screen we would observe a shallower relation, α ∼ 1 (see

Methods). These arguments motivate us to place the 124 kHz screen closest to the FRB source, and

the 6 kHz screen closest to the observer. Still, below we also consider the case where the order of

the screens is flipped, and show that it only strengthens the constraint on the FRB emission region

size.

FRB 20221022A is confirmed to be extragalactic with a host galaxy association5 with poste-

rior probability ≳ 99%. Since the data favour the emission site being partially resolved, the second

screen is likely to be extragalactic. We further support this claim by showing that coherence would

not be maintained for two Galactic screens under any reasonable assumptions of screen distances

(see Methods). Moreover, we place the following constraint on the product of the distance between
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the FRB source and the extragalactic screen, ds2⋆, and the observer to Galactic screen distance d⊕s1:

d⊕s1ds2⋆ ≲ 8.8 kpc2 (see Methods).

Following the logic above, we conclude that the modulation index m124 kHz < m6 kHz ∼ 1 can

be explained by the emission region size being partially resolved by the extragalactic screen. This

means that the angular size of the emission region projected onto the extragalactic scattering screen

is slightly larger than the diffractive scale of the screen4. Naturally, this introduces a degeneracy

between the emission size and screen-source distance: a larger physical emission size with a screen

in the outskirts of the galaxy or a small physical emission size with a very nearby screen could

result in a comparable projected angular size. Given our 124 kHz scintillation measurement and

associated modulation index we plot the allowable screen-source distance and lateral emission

region size combinations in Figure 3. From the two-screen measurements, we have a constraint

on the source-screen distance of ds2⋆ ≲ 14 kpc, which assumes a Galactic screen distance of

0.64 kpc from NE200118 (see Methods). These two quantities are degenerate: one can increase

the upper limit of ds2⋆ by moving the Galactic screen closer to the observer. Let us consider the

case where the Galactic screen is much closer to the observer, at a distance of 0.1 kpc. In this

case the extragalactic screen distance can be as high as ∼ 88 kpc. Using equations 4 and 5 from

Ref.4, we estimate the electron density required to explain the scintillation measurement at this

large screen distance to be ne ∼ O(103 cm−3), which is at least an order of magnitude higher than

the current best estimate for the Milky Way circumgalactic medium at this distance23. Moreover,

we would need to place FRB 20221022A outside its host galaxy disk in order to explain why we

do not measure scattering or scintillation from the disk. We therefore find that it is most plausible
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that the extragalactic screen is constrained within the host galaxy disk, allowing us to place the

conservative constraint on ds2⋆ from the apparent diameter of the host galaxy as observed in optical

light (∼ 11 kpc)24. It is worth noting that the electron distribution extends farther than the optical

diameter of the galaxy, however the inclination of the galaxy as well as the low inferred host DM5

imply that the FRB is not traversing through the full length of the galaxy and therefore 11 kpc is a

highly conservative upper limit on the screen distance. With this upper limit on ds2⋆, we constrain

the observed emission size of R⋆obs ≲ 3 × 104 km. (Figure 3). The light cylinder radius of the

slowest spinning pulsar25, corresponding to the largest known pulsar magnetosphere, constrains

known pulsar emission region sizes to ≲ 104 km, comparable to our constraint on R⋆obs (Figure 3).

FRB emission models are broadly characterised into two groups: magnetospheric, where

the emission originates from within the magnetosphere of a compact object (e.g., Ref.2), and non-

magnetospheric, where the emission originates from much larger distances from a central compact

object (e.g., Ref.26). In the latter class of models, one can relate the lateral emission region size to

the FRB emission site distance, d, from the central compact object4:

d ∼ R2
⋆obs

2c∆t
, (1)

where ∆t is the FRB temporal duration. For our upper limit on R⋆obs and ∆t ∼ 2ms (Extended

Data Figure 1), we determine an upper limit on the distance: d < 3× 106 km. For the synchrotron

maser shock models, Ref.6 constrains the radial distances to be 107–108 km, which exceeds our

upper limit on the distance. In order to exceed their lower bound of 107 km, we would require

an FRB source to extragalactic screen distance of > 148 kpc, which is well beyond the apparent

diameter of FRB 20221022A’s host galaxy. We therefore find our observations to be more con-

10



sistent with the magnetospheric class of emission models4 or an emission region just beyond the

neutron star light cylinder radius11, 27. Our findings independently support the conclusions drawn

on FRB 20221022A in Ref.5. There they observe an S-shaped polarisation position angle swing

across the burst duration, often seen in pulsar pulses and attributed to an emission beam sweeping

across the line of sight, indicative of a magnetospheric origin of the emission.

If we assume an emission size typical for pulsar emission, 100–1000 km,11, 28 we infer an

extragalactic screen distance of ∼ 0.1–12 pc (Figure 3), comparable in scale to the size of the Crab

nebula29. Two repeating FRBs in the literature have been observed associated with compact per-

sistent radio sources (PRSs): FRB 20121102A30, 31 and FRB 20190520B32, 33, hypothesised to be

magnetised nebulae surrounding the FRB progenitor34. Motivated by the possibility of a nebula

surrounding FRB 20221022A from our scintillation measurements, we conducted follow-up ob-

servations with the European Very Long Baseline Interferometry Network (EVN; see Methods) at

1.6 GHz. We did not detect any compact radio emission coincident with the FRB position or the

FRB host galaxy down to a luminosity of L1.6GHz = 2 × 1027 erg s−1 Hz−1. With our sensitivity

we could have detected an FRB 20121102A-like PRS (L1.7GHz = 2.1 × 1029 erg s−1 Hz−1) with

a significance of ∼ 650σ, and an FRB 20190520B-like PRS (L3GHz = 3.8 × 1029 erg s−1 Hz−1)

with a significance of ∼ 1100σ. Our upper limit is in agreement with the proposed PRS lu-

minosity - rotation measure relation35, given the relatively low measured rotation measure for

FRB 20221022A (RM = −40 rad m−2)5. An alternative hypothesis for the small screen distance

could be that the FRB source is embedded in an HII region causing the scattering36. We note

that although pulsars typically have emission sizes 100-1000 km, smaller emission region sizes
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< 100 km as well as 1000 km up to 3 × 104 km are also possible for FRB 20221022A given our

scintillation measurements (Figure 3).

In this study we independently support a magnetospheric emission model for FRB 20221022A by

constraining the lateral emission region size using the measurement of extragalactic scintillation.

This highlights incredible potential for similar studies in the future to not only explore the emission

physics of FRBs4, but also to explore the properties of the FRB immediate environments, which

hold valuable clues into their sources and progenitors.
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Figure 1 Autocorrelation function (ACF) of the FRB 20221022A spectrum at a frequency

resolution of ∼ 0.76 kHz (orange). The top panel shows the ACF from lags −15MHz to
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+15MHz. The middle panel is a zoom-in on the central lag range of the ACF, high-

lighted by the shaded blue region on the top panel. A triple lorentzian function is fit to the

ACF in the top panel between ±20MHz and the bottom panel between ±0.5MHz (black

line; Equation 3). The larger frequency scale, most clearly observable in the top panel

(half-width at half-maximum γ = 27.3 ± 0.1MHz), is attributed to an instrumental ripple

existing in CHIME/FRB data. The two smaller scales, which are more clearly observed

in the middle zoom-in panel, are attributed to scintillation with decorrelation bandwidths

of 3.18± 0.04 kHz and 60.3± 0.7 kHz: the individual Lorentzians are plotted on the middle

panel in purple and blue, respectively. We plot the residuals in the bottom panel. The

reduced-χ2 is computed within the lag-range ±0.25MHz highlighted by the green dashed

lines. We reduce the lag range since the ∼ 30MHz frequency scale is not expected to

exhibit a Lorentzian functional form. The scintillation scales, however, are expected to be

Lorentzian in form, and we find a reduced-χ2 very close to 1 implying a good fit to the

data.
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Figure 2 Autocorrelation function (ACF) measured for eight subbands, containing an

equal fraction of the total signal, across the CHIME observing band (top panel). The dou-

ble Lorentzian fit to each ACF is shown in black. Two frequency scales are measured in

each subband (shown in the second and third panels). Those frequency scales are fit

with a function of the form Aνα, shown in red. The frequency resolution is highlighted by

the horizontal dashed green line, and the scallop artefact introduced into the data during

the upchannelisation process is shown by the gold dashed horizontal line. The measured

decorrelation bandwidths are 6±1 kHz and 124±8 kHz at 600 MHz, marked on the panels

with the black dashed lines. We note that the high frequency data point has been omitted

from all fits, indicated by the shaded red region, due to the ambiguity of the scintillation

scale and the upchannelisation artefacts. The fourth and fifth panels show the modula-

tion index measured for the 6 kHz and 124 kHz frequency scales, respectively, across the

band. A least squares fit of a straight line is overplotted on the 6 kHz indices (forest green

line), while we fit the expected evolution of the modulation index with frequency for a

screen resolving the emission region size (light green line; Equation 23; Methods) as well

as the expected evolution for the screens resolving each other (pink line; Equation 24;

Methods) to the 124 kHz modulation indices. We note that error bars are plotted for all

frequency scales and modulation indices but that they are often too small to distinguish

from the marker. In the final panel, we plot the number of masked channels per subband

in turquoise, and additionally the fraction of the total burst S/N per subband in purple.
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Figure 3 Lateral size of the emission region as a function of the distance between the

FRB and the extragalactic screen, ds2⋆. The allowable combinations of emission size and

source-screen separation are shown by the green line (with the 3-σ uncertainty region

indicated by the dashed green lines). The vertical pink line indicates the two-screen con-

straint we apply on the source-screen distance, ds2⋆ ≲ 14 kpc, assuming a Galactic screen

distance of 0.64 kpc from NE200118. This Galactic screen distance assumption is highly

uncertain, and we explore its effect on the emission size in Extended Data Figure 4. The

vertical dark teal line indicates the apparent diameter of the FRB host galaxy measured in

optical (11 kpc)24. The grey hatched region shows the extragalactic screen distances we

rule out. The orange shaded region indicates the observed emission sizes, R⋆obs, inferred

from the radial distances, d, for the synchrotron shock model determined in Ref.6 and

using Equation 1. The purple shaded region indicates the possible emission sizes for the
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slowest known pulsar25 (which therefore has the largest magnetosphere of known radio

pulsars), with horizontal black lines showing pulsar emission size measurements from the

literature11,28.
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Methods

Scintillation analysis To measure scintillation, the coherently dedispersed baseband data are first

upchannelised to a frequency resolution of 0.76 kHz. The upchannelisation process is as follows:

first the complex voltage dynamic spectrum is divided into time blocks of length 512 bins; for each

polarisation hand, frequency channel and time block, a Fast Fourier Transform (FFT) is performed,

creating an array that has a single polarisation hand, a single time bin and 512 frequency channels;

the result is a complex voltage dynamic spectrum with 2 polarisation hands, 2.56 × 512µs time

resolution, and 0.390625/512MHz frequency resolution. This frequency resolution was chosen

in order to probe the expected decorrelation bandwidth from the Milky Way interstellar medium,

estimated using NE2001 (∼ 44 kHz at 600 MHz; using τscat,1GHz ∼ 0.46µs from Ref.18, 19 and the

relationship τscat ∼ 1/(2π∆νDC)).

In the upchannelised data product, the time resolution is sufficiently coarse such that the

burst is unresolved in time. The on-burst spectrum is then taken to be the maximum S/N time bin.

An off-burst spectrum is also computed for calibration purposes. The FFT used to upchannelise

the baseband data introduces a scalloping artefact that repeats every 0.390625 MHz (i.e., the width

of the channels of the original channelisation of the baseband data, 400 MHz over 1,024 channels).

To correct for this artefact, the off-burst spectrum is folded to determine an average 0.390625 MHz

scallop shape, which is then divided out from the on-burst spectrum (Extended Data Figure 2). We

attribute channels in the off-burst spectrum that exceed a S/N of 3 to radio frequency interference

(RFI), and we mask both the on-burst and off-burst spectra. The autocorrelation functions (ACF)
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of both the on-burst and off-burst spectra are then computed using

ACF(∆ν) =

∑
i

(S(νi)− S̄)(S(νi +∆ν)− S̄)

N∆ν(S̄ − S̄2
noise)

2
, (2)

following Ref.3. We only sum over indices i that give non-masked values for S(νi) and S(νi+∆ν)

at a given i. N∆ν is the total number of unmasked overlapping frequency channels that are used

to compute the ACF for a given frequency lag ∆ν. The ACF calculated using Equation 2 is

normalised such that the amplitude of a characteristic frequency scale present in the ACF is the

square of the modulation index of that frequency scale, where the modulation index is defined as

the standard deviation of the observed burst spectrum divided by its mean20.

In Figure 1 we show the on-burst ACF for FRB 20221022A for the entire observing band-

width, with the zero lag noise spike masked and with three clear frequency scales visible by eye.

There is a 27.3MHz frequency scale arising from CHIME’s instrumental design15, which we can

see by eye in the dynamic spectrum (Extended Data Figure 1). We fit the ACF out to a lag of

20 MHz with a triple Lorentzian function

m2
1

1 + (∆ν/γ1)2
+

m2
2

1 + (∆ν/γ2)2
+

m2
3

1 + (∆ν/γ3)2
, (3)

for frequency lag ∆ν, the Lorentzian half-width at half-maximum γi and modulation index mi. We

note that a Lorentzian is the expected functional form of the ACF, with the decorrelation bandwidth

defined as the half-width at half-maximum of the Lorentzian, in order to mathematically obtain a

temporal exponential decay from scatter broadening20.* Since we know that the instrumental rip-

ple is not scintillation, we do not necessarily expect that it should adopt the functional form of

*Though quasi-periodic spectral structure was observed in spectra of FRB 20121102A and was suggested to arise

from diffractive lensing37.
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a Lorentzian. The exact functional form we fit to the instrumental ripple scale is unimportant as

long as we capture the amplitude of the modulation. This is because the frequency scale is orders

of magnitude different from the other two scales evident in the ACF, and so only the amplitude

of the modulation at the frequency lags relevant for the smaller frequency scales (i.e. around the

peak) is important to return reliable modulation indices (the difference between e.g a Lorentzian

or Gaussian at such small frequency lags is indistinguishable). We consider correlated uncertain-

ties in the ACF, following Ref.38 and the implementation in scintools39, which are propagated

into the fitting procedure. We compute the reduced-χ2 statistic between lags ±0.25MHz, rele-

vant for the two smaller frequency scales which likely could be scintillation, and find that three

Lorentzians fit well to the data with a reduced-χ2 of 0.95. The potential decorrelation bandwidths,

defined as the half-width at half-maximum of the Lorentzian, are measured to be 3.18± 0.04 kHz

and 60.3 ± 0.7 kHz, with modulation indices m∼ 1.3 and m∼ 0.89, respectively (Figure 1; i.e.

in the ACF of the full CHIME bandwidth). We note that these frequency scales are smaller than

the decorrelation bandwidths we measure in the frequency-resolved ACFs (see following para-

graph and Figure 2) due to the burst having a larger S/N in the lower half of the band (where the

decorrelation bandwidth is smaller): i.e. these values are S/N-weighted.

Residual upchannelisation artefacts as well as RFI can introduce misleading frequency struc-

ture in the spectrum ACF. In order to test that the frequency scales that we measure in the on-burst

ACF across the entire CHIME band are consistent with scintillation, we divide the 400 MHz total

bandwidth into eight subbands, containing an equal fraction of the burst S/N, and compute the

ACF per subband to explore the frequency dependence of the putative scintillation. We measure
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both frequency scales in all eight subbands using a double Lorentzian fit per subband (Figure 2).

The uncertainties on the ACF fit parameters are a quadrature sum of the fit uncertainties with

the finite-scintle error, following the implementation in scintools39. As shown in Figure 2,

we perform a least-squares fit of a function of the form Aνα to the half-width at half-maxima

measured from the two Lorentzians fit to the ACF, for constant A and index α. To confirm the

frequency scales observed are scintillation, we expect α ∼ 4, while an instrumental artefact or

RFI should not evolve with frequency in the same manner. Note that we omit the high frequency

data point, since it cannot be distinguished from the 390 kHz upchannelisation artefact (Figure 2).

For the smaller frequency scale, we measure α = 3.9 ± 0.7, and for the larger scale we measure

α = 3.1 ± 0.2. The 6 kHz frequency scale exhibits a frequency dependence consistent with the

ν4 scaling for refractive scattering, while the 124 kHz scale’s frequency dependence is shallower

(but within the range observed for pulsar scintillation40). We therefore attribute both scales to

scintillation from two scattering screens along the line of sight from FRB 20221022A to the ob-

server. We report decorrelation bandwidths of 6± 1 kHz and 124± 8 kHz at 600 MHz, which we

measure from the Aνα fits, and with uncertainties determined using the standard deviation of the

fit residuals. The NE2001 decorrelation bandwidth prediction18, 19 at 1 GHz in this line of sight is

∼ 400 kHz. We scale our decorrelation bandwidths using the measured frequency scaling index

α, giving ∆νDC, 1 GHz ∼ 44 kHz, and ∆νDC, 1 GHz ∼ 604 kHz. The 6 kHz and 124 kHz decorrelation

bandwidths are a factor of ∼ 9 lower and ∼ 1.5 higher than the NE2001 prediction, respectively.

In addition to measuring the modulation index in the entire band ACF, we also measure the

modulation indices across the burst profile in time and across the observing band. In Extended
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Data Figure 1 we plot the modulation index measured across the burst profile in time bins of width

164µs. These modulation indices are measured by computing the ACF of the spectra (averaged

over 164µs of time) with frequency resolution 24 kHz, and taking the square root of the peak

subtracting a constant offset (introduced by the instrumental ripple). We choose this frequency

resolution in order to ensure the 6 kHz frequency scale is unresolved and reducing its influence

on the modulation index measurements. Note that in Extended Data Figure 1, we only plot the

modulation index measurements where the S/N within the 164µs time interval was > 8. The

modulation index broadly appears to be constant over the burst duration, with a mean of 0.76±0.06.

Two-screen constraints We consider a two-screen system as shown in Extended Data Figure 3,

with the observer, ⊕, an astrophysical point source (here, FRB 20221022A), ⋆, and two screens:

s1 (closest to the observer) and s2 (closest to the source). We are following the formalism derived

in Refs.12, 41 for an extragalactic source, but deriving it generally to allow for a Galactic source (see

e.g. Ref.42). The temporal broadening timescale of an FRB at distance d⊕⋆, scattered by the screen

s2 at distance d⊕s2 from the observer, and distance ds2⋆ from the FRB source, is

τs2 =
θ2s2
c

d⊕⋆d⊕s2

ds2⋆
, (4)

where θs2 is the angular-broadened size of the FRB scattered by screen s2 and c is the speed of

light41. The coherence length of the radio waves incident on screen s1 is

lc ≃
λ

2πθs2
=

λ

2π

√
d⊕⋆d⊕s2

τs2 c ds2⋆
, (5)
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for observing wavelength λ. Scattering from screen s2 can weaken scintillation from s1 if the

coherence length is reduced below the size of the Galactic scattering projected onto s1:

lcone ≃ d⊕s1θs1 ≃

√
τs1 c

ds1⋆d⊕s1

d⊕⋆

. (6)

With a measurement of scattering or scintillation (at least one scintillation scale is required) from

both screens in the two-screen system, this sets the condition that lc ≳ lcone, yielding:

τs1τs2 ≲
1

(2πν)2
d2⊕⋆d⊕s2

ds1⋆ds2⋆d⊕s1

. (7)

Using the relation between the scatter-broadening timescale, τ , and decorrelation bandwidth

from scintillation ∆νDC: τ = C
2π∆νDC

with C ∼ 1–2, we derive the general two-screen equation:

∆νs1∆νs2 ≳ Cs1Cs2ν
2ds1⋆ds2⋆d⊕s1

d2⊕⋆d⊕s2

. (8)

The high posterior probability (> 99%)5 of the host galaxy association, confirms that FRB 20221022A is

extragalactic. We must consider if the two screens we observe are both Galactic, or if one of the

screens is extragalactic. With our two measured scintillation scales in hand, we consider both of

these cases below.

Case 1: One Extragalactic Screen and One Galactic Screen

First, let us assume that the screen s2 is extragalactic, and s1 is a screen within the Milky

Way. In this situation we have the approximations

d⊕⋆ ≃ d⊕s2 ≃ ds1⋆ (9)
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and so we can simplify Equation 8 to

∆νs1∆νs2 ≳ Cs1Cs2ν
2ds2⋆d⊕s1

d2⊕⋆

. (10)

Note that typically there is a (1 + z) factor here43, which we do not include since the redshift of

FRB 20221022A is sufficiently small (z = 0.0149)5 that it does not affect the results.

Given our scintillation measurements for FRB 20221022A: 6 kHz and 124 kHz, assuming

Cs1 = Cs2 = 1, which is the most conservative value in this case, and taking the distance to the

identified host galaxy in Ref.5, d⊕⋆ = 65.189Mpc, we get the constraint:

d⊕s1ds2⋆ ≲ 8.8 kpc2 (11)

Using NE200118, 19, we can estimate d⊕s1 from the distance where the wavenumber spectral co-

efficient C2
n peaks (which can be thought of as a quantity resembling the amount of turbulence):

d⊕s1 ≈ 0.64 kpc. This gives us the constraint ds2⋆ ≲ 14 kpc. It is worth noting that this prediction

of d⊕s1 is highly uncertain, and we consider its impact on ds2⋆ and ultimately our emission region

size constraints later in the Methods.

Further, the decorrelation bandwidth measurement can be used to place a limit on the individ-

ual screen distances44. Starting with Equation 47 in Ref.44 and assuming Kolmogorov turbulence45,

we derive

∆νs2 ∼ πν

(
ldiff

RF

)2

, (12)

where ldiff is the diffraction length, or the length through the screen over which the phase changes

by 1 radian, and RF = cds2⋆/ν is the Fresnel radius. Equation 19 in Ref.46 gives the relationship
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between ldiff and the phase change across the screen ϕ

ldiff ∼ ϕ−6/5 lmax

(
L

lmax

)3/5

, (13)

for the thickness of the screen L and the maximum eddy size in the scattering medium lmax. ϕ is

directly proportional to the DM of the screen (column depth within the thickness of the screen),

DMs2 , with the relationship Equation 17 in Ref.46

ϕ =
2.6× 107 DMs2

νGHz
. (14)

Combining all of these relationships into Equation 12, we arrive at (see also Equation 57 in Ref.44):

DMs2 ∼ 3× 104 pc cm−3 ∆ν−5/12
s2

ν
11/6
GHz

(
ds2⋆
1pc

)5/12(
lmax

L

)1/3(
L

d

)5/6

. (15)

Substituting in our measured decorrelation bandwidth ∆νs2 = 124 kHz, observing frequency

νGHz = 0.6, and taking the ratio of maximum eddy size over screen size to be lmax/L ∼ 10−4

(consistent with what is seen from Milky Way turbulence):

DMs2 ∼ 4 pc cm−3

(
ds2⋆
1pc

)5/12(
L

ds2⋆

)5/6

.

The contribution of the total DM attributed to the host galaxy was estimated in Ref.5 as DMhost ≲

14+23
−14 pc cm−3. We therefore estimate the following:

(0−37) pc cm−3 ≳ DMs2 ∼ 4 pc cm−3

(
ds2⋆
1pc

)5/12(
L

ds2⋆

)5/6

and so

(
ds2⋆
1pc

)
≲ 210 pc

(
L

ds2⋆

)−2

.
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If we assume that L
ds2⋆

∼ 1, we have a tight constraint on ds2⋆ < 210 pc. However, L
ds2⋆

∼ 1

is not always a fair assumption, with values inferred ≪ 1 for some pulsars47–49. This therefore,

unfortunately, does not tightly constrain the distance ds2⋆.

Case 2: Two Galactic screens

Now we assume that the source is extragalactic, at a distance5 of d⊕⋆ = 65.189Mpc, but both

screens s1 and s2 are within the Milky Way. Given this situation, we can make the approximations:

ds1⋆ ≃ ds2⋆ ≃ d⊕⋆.

Under this approximation, the assumption that Cs1 = Cs2 = 1 and using our decorrelation band-

width measurements, Equation 8 gives the constraint:

d⊕s1

d⊕s2

≲
∆νs1∆νs2
Cs1Cs2ν

2
∼ 2× 10−9. (16)

Even if we force d⊕s2 to be the isophotal diameter of the Milky Way, ≈ 27 kpc50, this restricts d⊕s1

to be ≲ 0.0001 pc: it is highly unlikely that there is a screen within such close proximity to us. It is

worth noting that FRB 20221022A is ∼ 64◦ off the ecliptic, and therefore one of the scintillation

scales coming from the solar wind can be easily ruled out. If we change d⊕s2 to be smaller, the

condition in Equation 16 forces d⊕s1 to be even smaller, supporting that this outcome is highly

unlikely.

We note that if we consider the case where both screens are extragalactic, the problem is

symmetric and the same constraint applies. Suppose the farther screen is 50 kpc from the source,

out in the host galaxies halo, then the nearby screen would need to be < 0.0001 pc. While pulsars
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are known to scintillate from bow shocks very close to the source36, this configuration is much

more fine-tuned and therefore more unlikely than the case where one of the screens is Galactic.

Throughout this section we have implicitly assumed that the screens are two-dimensional

and isotropic. The ACF in Figure 1 is well-fit with a double Lorentzian function. We therefore

find no deviations from the expectations of the isotropic screen assumption. Deviations from these

expectations, however, can be subtle, and so we explore below the possibility of one-dimensional

anisotropic screens and the implications for our conclusions.

One-dimensional, anisotropic screens Throughout this manuscript, the implicit assumption we

make is that the scintillation screens are isotropic and two-dimensional. This assumption means

that the angular broadening of the source due to the screen closest to the observer is equivalent to

the size of the source as seen by the farther screen. However, if the screens are sheet-like14 (i.e. the

normal vector of the “sheet” is perpendicular to the line of sight, rather than parallel in the case of

the thin-screen model), the angular broadening is direction-dependent, introducing a dependence

on the angle between the one-dimensional screens. The condition lc ≳ lcone from the sub-section

above, becomes lc ≳ lconecos(θ), where θ is the angle between the two sheet-like screens projected

onto the line-of-sight plane.

For Case 2 described above, Equation 16 becomes

d⊕s1

d⊕s2

cos2(θ) ≲
∆νs1∆νs2
Cs1Cs2ν

2
∼ 2× 10−9. (17)

For reasonable d⊕s1 and d⊕s2 , this inequality can be satisfied by invoking a cos(θ) ≪ 1, or equiv-

alently making the one-dimensional screens almost perfectly perpendicular. This is very tightly
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constraining the geometry of the scattering media which is fine-tuned in reality and therefore un-

realistic. Additionally, as discussed in the following section, for the larger scintillation scale, with

modulation index < 1, we find the decorrelation bandwidth and modulation index frequency de-

pendence to agree more with the emission size being resolved than the screens resolving each

other. These frequency dependencies are not affected by the cos(θ) term and therefore add further

doubt to the scenario of an extragalactic source with two almost perpendicular one-dimensional

Galactic screens.

In Ref.14, it is shown that one can observe a suppression of the modulation index for the larger

scintillation scale if the finer scintillation scale is unresolved by the telescope frequency resolu-

tion. However, this situation does not apply to this work since we have resolved both scintillation

scales in our analysis.

Suppressed intensity modulation The case studies presented above support the extragalactic na-

ture of the second screen, s2. The two-screen constraints in Equation 11 place the second screen

likely within the host galaxy. We observe no clear frequency or time evolution of the modulation

index of the 124 kHz scintillation scale (Figure 2, Extended Data Figure 1). The modulation in-

dex for FRB 20221022A was observed to decrease over the burst profile (which is dominated by

an exponential scattering tail) due to the two screens partially resolving each other42. In the case

presented here, we are not resolving the scattering timescale, and so it is not surprising that we do

not observe an evolution of the modulation index with time. We explore the possibility that the

modulation index m124 kHz < 1 observed is either due to the screens resolving each other or due to
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the emission region size being resolved. We note that in the case of weak scintillation20, one can

expect mweak ∼ 0.1 − 0.3, which is lower than our measurement of m124 kHz ∼ 0.78. When the

source or screen is resolved, different scintillation patterns are effectively being averaged. This has

the effect of smearing the scintillation pattern in frequency and suppressing the amplitude of the

intensity modulation. For this reason, in both of these cases we expect different modulation index

and decorrelation bandwidth frequency dependencies, which we derive below.

First we derive the relationship for the case where the observed emission region size is being par-

tially resolved.

The physical size of the extragalactic screen, s2, is

Ls2 = θs2ds2⋆, (18)

where θs2 is the angular size of screen s2 from the perspective of the FRB source, and

θs2 =

√
2cτs2
ds2⋆

=

√
c

π∆νs2ds2⋆
, (19)

where we relate the scattering timescale and decorrelation bandwidth through the relation τs2 ∼

1/(2π∆νs2). Substituting Equation 19 into Equation 18 yields:

Ls2 =

√
cds2⋆
π∆νs2

. (20)

The physical resolution of the screen is then

χs2 =
1√
2π

λ

Ls2

ds2⋆ =
1

ν

√
cds2⋆∆νs2

2π
, (21)

where the 1√
2π

is a model-dependent factor8.
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Substituting Equation 21 into9

ms2 =
1√

1 + 4
(

R⋆obs
χs2

)2
, (22)

where R⋆obs is the observed emission region size, we derive the relationship between the lateral

emission region size and the distance between the source and extragalactic screen:

R⋆obs =

√
c ds2⋆∆νs2(ν)

8πν2

(
1

m2
s2

− 1

)
. (23)

Following a similar line of reasoning, we derive an equivalent relationship for the case where the

two screens are partially resolving each other:

ms2 =
1√

1 +
(

ν
ds1s2

)2
8 ds2⋆ d⊕s1

∆νs1 (ν)∆νs2 (ν)

(24)

In Figure 2 we plot the least squares fit of the modulation indices as a function of frequency

with their expected relationships: Equation 23 for the partially resolved emission region size, and

Equation 24 for the two-screens partially resolving each other. It is evident that in the case of the

two screens resolving each other we expect a stronger frequency dependence than what is observed

suggesting that the data are more in agreement with the case of the emission region being partially

resolved (although neither fit describes the data with our measured reduced χ2 > 1: quantitatively

we measure reduced χ2
ν ∼ 117 for the resolving screens, and reduced χ2

ν ∼ 67 for the emission

region being resolved). We note that these functional forms can become more complex by invoking

a complicated morphological structure of the scattering material, which is one reason why the fits

may be poor. Another reason could be that the modulation index of the 124 kHz scintillation scale

is suppressed by an aspect of the analysis performed, e.g. during the upchannelisation artefact
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removal process. We additionally consider the case where the modulation index is ∼ 1, however,

as we show later, this is less conservative for the emission region size constraints than using the

ms2 ∼ 0.78 measurement.

For both scenarios, we now derive the decorrelation bandwidth frequency dependencies.

From Equation 46 in Ref.9

νscint =

√
1 + 4σ2

1

2πτscatt
, (25)

where σ1 = R⋆obs/χs2 for the case where the emission region is being resolved (see Equation 22),

and σ1 = Ls2/χs1 for the case where the screen is being resolved. First let us consider a partially

resolved emission region. In this case, χs2 ∝ ν (see Equation 21), which in turn means that

σ1 ∝ ν−1. From Equation 25, this then gives the following frequency dependence:

νscint ∝
√
Aν8 +Bν6. (26)

In the case where the screen is being resolved, Ls2 ∝ ν−2 (see Equation 20), χs1 ∝ ν (from

Equation 21), which then results in σ1 ∝ ν−3. From Equation 25, this then gives the following

frequency dependence:

νscint ∝
√
Cν8 +Dν2. (27)

For completely unresolved emission the first term in both Equations 26 and 27 dominates, and we

arrive at the ν4 frequency scaling for the decorrelation bandwidth. However, if the scintillation

is (partially) resolved, the second term dominates. For the emission region being resolved, the

frequency dependence becomes νscint ∝ ν3 and for the screens resolving each other we arrive at

νscint ∝ ν. Our measured frequency scaling of α = 3.1 ± 0.2 for the 124 kHz scintillation scale
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(Figure 2) supports that the emission region size is being partially resolved. α = 4, i.e. the case

where the emission region is unresolved, is > 3σ inconsistent.

Emission size constraints As outlined in Ref.4, a measurement of scintillation from a screen

in the FRB host galaxy can be used to constrain the size of the FRB emission region, which

in turn could be used to distinguish between FRB emission models. The 124 kHz modulation

index frequency evolution and decorrelation bandwidth frequency relation supporting the emission

region size being partially resolved, suggests that the 124 kHz scintillation scale is a result of the

extragalactic screen, s2. The high reduced-χ2 of the modulation index vs frequency fit, as well

as the inconsistency with the NE2001 prediction, as mentioned earlier, means we cannot rule

out the scenario where neither the emission region nor screen is being partially resolved. We,

therefore, consider all cases here: (a) 124 kHz scintillation scale from the extragalactic screen, that

is partially resolving the emission region, m124 kHz = 0.78; (b) 124 kHz scintillation scale from the

extragalactic screen, with an unresolved emission region, m124 kHz ∼ 1; and (c) 6 kHz scintillation

scale from the extragalactic screen, with an unresolved emission region, m6 kHz ∼ 1.

In Figure 3 we plot the lateral emission size as a function of the extragalactic screen distance for

case (a): which is the case our data agrees with most, while also being the most conservative

constraint on the emission region size. There is a clear degeneracy between the lateral emission

region size and the FRB to extragalactic screen distance, which naturally arises since the ms2 =

0.78 measurement fixes the projected size of the emission region on the screen. As shown earlier,

we have a constraint on the screen distance, ds2⋆ < 14 kpc (Equation 10; assuming d⊕s1 = 0.64 kpc,

from NE200118). With this limit, we can see from Figure 3 that the lateral emission size upper limit
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is lower than the estimated size for the synchrotron maser shock model6, 26. However, this hinges

on the Galactic screen distance we have assumed from the NE2001 estimate, which can be highly

uncertain. We can find consistency with the shock model emission region sizes, by invoking a

d⊕s1 that is ∼ 60 pc, which is small but could be possible (Extended Data Figure 4). Importantly,

though, in order to have an observed emission region size consistent with the shock model, the

extragalactic screen distance has to be ≳ 148 kpc (Figure 3), which is significantly higher than the

apparent diameter of the host galaxy (∼ 11 kpc)24. It is worth noting that this apparent diameter

is derived from optical observations, while the electron distribution will extend farther, however

the inclination of the galaxy with respect to the line-of-sight, as well as the low inferred host DM5

make it highly unrealistic that FRB 20221022A propagated through the full extent of the galactic

disk, making this upper limit very conservative. It is highly unlikely that the extragalactic screen

is far out in the halo of the host galaxy (or farther), but is rather from the interstellar medium of the

host galaxy or the local environment of the FRB. We, therefore, place the conservative constraint

on the lateral emission region size of R⋆obs ≲ 3× 104 km.

It is worth noting that there are two foreground stars51 at distances of ∼ 0.5 kpc and ∼ 0.8 kpc

(broadly consistent with the d⊕s1 = 0.64 kpc estimate from NE2001) coincident with the FRB

position and host galaxy, identified in Ref.5. These stars could create a scintillation screen from

their stellar winds, as has been observed for hot stars52 extending out to ∼ 2 pc: the projected

area on the sky would encompass the entire host galaxy and FRB localisation region. The two

foreground stars in the FRB 20221022A field, however are lower temperature than those observed

in Ref.52 and so would have a lower mass loss rate and the surroundings would have a lower density.
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A stellar wind screen could explain the inferred larger density than the NE2001 prediction for the

case where the 6 kHz scintillation scale is the Galactic scale, which is ∼ 9 times lower – i.e. an ∼ 9

times higher scattering timescale – compared with NE2001. However, without very long baseline

interferometry (VLBI) to constrain the Galactic screen distance and geometry, we cannot confirm

that the stellar wind is causing the Galactic scintillation here.

Finally, let us consider cases (b) and (c) above. In both of these cases, we assume ms2 ∼ 1 which

tells us that the emission region is a point source as viewed from the extragalactic screen. This,

therefore, constrains only a minimum distance between the FRB and extragalactic screen for a

given source size (Extended Data Figure 5). The allowable lateral emission region size and screen

distance combinations are shown on Extended Data Figure 5 in green and blue for case (b) and

(c), respectively. In order to have an emission region size consistent with the shock model6, we

require ds2⋆ > 12Mpc and ds2⋆ > 250Mpc for case (b) and (c), respectively. Since the FRB is

at a distance of ∼ 65Mpc, the non-magnetospheric model cannot work for case (c). There is no

obvious nearby galaxy with a halo that could conceivably intersect the FRB line of sight, and so

a scattering screen > 12Mpc from the FRB is highly unlikely. Moreover, this requires a Galactic

screen distance ≲ 1 pc given our two-screen constraints (Equation 10), which is unreasonably

close, especially since FRB 20221022A is ∼ 64◦ off the ecliptic, and therefore we can rule out the

Galactic scintillation scale arising from the solar wind.

Given our observed emission region size constraints, our observations disfavour the synchrotron

maser shock model6, 26. Our results are more consistent with the magnetospheric class of FRB

emission models4 or emission originating just beyond the light cylinder of a neutron star (e.g.
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Ref.11, 27). This supports the findings of Ref.5, where wemeasure a polarisation angle S-shaped

swing in FRB 20221022A, which has been attributed to a beam sweeping across the observers line

of sight, therefore tying the emission site to the rotation of an object.

Assuming an emission region size comparable to those observed in pulsars (100 km–1000 km;

Ref.11, 28), motivated by the pulsar-like polarisation angle swing5, we infer an extragalactic screen

distance from the source of ∼ 0.1–12 pc (Figure 3), consistent with the size of the Crab nebula29.

European VLBI Network imaging Motivated by the possibility that the scintillation scale is

coming from a surrounding nebula, we observed the field of FRB 20221022A with the European

Very Long Baseline Interferometry (VLBI) Network (EVN) to search for any compact radio emis-

sion (project ID: rn002). These observations were conducted during an e-VLBI session, where the

data were correlated in real-time using SFXC53 at the Joint Insitute for VLBI ERIC (JIVE). We

observed with the EVN from 9 April 2024 22:01:55 UT to 10 April 2024 04:22:30 UT, with

the following participating stations: Jodrell Bank Mark2, Effelsberg, Medicina, Noto, Onsala

(On-85), Tianma (T6), Toruń and Irbene. The central observing frequency of our observations

is 1.6 GHz, with a bandwidth of 128 MHz. The interferometric data were correlated with time

and frequency integration of 2 s and 0.5 MHz, respectively. We correlated the target data at the

position R.A. (J2000)= 03h14m17.4s, Dec. (J2000)= 86◦52′01′′, which is consistent with the

centre of FRB 20221022A’s associated host galaxy5. In addition to the target scans, we observed

J0217+7349 as the flux and bandpass calibrator, J0213+8717 as the phase calibrator (at a spatial

separation of 0.89◦ from the pointing centre), and J0052+8627 as the check source. Traditional

phase referencing observations were conducted with a cycle time of ∼ 6.5min: 5 min on target,
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1.5 min on the phase calibrator. In total, we observed the field of FRB 20221022A for ∼ 4 hours.

We note that we did not get target data with On-85 due to the high elevation of the source.

Raw voltage data are recorded from each participating telescope with circular polarisation feeds

and 2-bit sampling in VDIF54 format. The correlated visibilities were calibrated and imaged us-

ing standard procedures in the Astronomical Image Processing System (AIPS55) and DIFMAP56.

First, using the results of the automatic EVN pipeline†, we performed amplitude calibration using

the gain curves and individual station system temperature measurements, applied the bandpass cal-

ibration, as well as some basic flagging. We then performed some additional manual flagging of

the fringe finder, before removing the instrumental delay. The final step of the calibration was to

correct the phases for the entire observation, as a function of time and frequency, by performing a

fringe fit using the calibrator sources. Throughout, we use Effelsberg, the most sensitive telescope

in our array, as the reference antenna.

After calibration we image the check source to confirm that we detect it as a point source, as ex-

pected, and at the correct sky position. We then perform a grid search ±102 arcseconds around

the target phase centre. This grid search comprised of making dirty maps of ∼ 2 × 2 arcseconds

spanning the entire 102× 102 arcsecond grid, and reporting the peak of each dirty map. We make

dirty maps using both natural and uniform weighting, resulting in beam sizes of 3.6× 6.9mas, and

2.2×4.6mas, respectively. The resulting rms noise levels are 42µJy/beam and 63µJy/beam for the

natural and uniform weighted images, respectively. Given our shortest baseline (Irbene-to-Toruń;

∼ 452 km), we are resolving out radio emission with size larger than approximately 82 mas.

Due to time and frequency smearing we can expect to lose sensitivity as we move farther from

†https://evlbi.org/handling-evn-data
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the phase centre. Across the extent of the host galaxy we expect to lose at most 10% of the

sensitivity, while at the edge of the 1-σ FRB baseband localisation5, we lose ∼ 30%. We did

not detect any persistent compact radio emission in our search, down to a luminosity limit of

L1.6GHz < 2 × 1027 erg s−1 Hz−1 (7σ. There is a possible 6.6σ candidate at the edge of the FRB

3σ localisation region, that is not detected in the The Very Large Array Sky Survey (VLASS)57.

Confirming the astrophysical nature of this candidate is deferred to future work, but given its ∼ 3σ

offset from the FRB position, and large offset from the host galaxy, it seems unlikely to be related

to FRB 20221022A. We confirm that the NVSS source reported in Ref.5, NVSS J031417+865200,

co-located with the centre of the FRB host galaxy is resolved out on our long baselines. This sup-

ports their conclusion that it is from star-formation in the host galaxy.

Effelsberg single dish FRB search Although FRB 20221022A is an as-yet non-repeating FRB,

we recorded high time resolution search data with Effelsberg in parallel to search for possible

repeat bursts. This search data was recorded at Effelsberg during the target scans in psrfits for-

mat using the Effelsberg Direct Digitization (EDD) backend, with time and frequency resolution

49.2µs and 0.12 MHz, respectively. The bandwidth of these data is from 1.5 to 1.75GHz, i.e. an

observing band of 250 MHz. The total intensity psrfits data from the Effelsberg EDD backend

were converted to filterbank format using digifil58, conserving the time and frequency resolu-

tion of the psrfits data. This was done in order to be compatible with Heimdall‡, which we

use for the single pulse search. Before performing the burst search we masked frequency chan-

nels that were found to contain RFI. Single pulse candidates above a S/N threshold of 7 identified

‡https://sourceforge.net/projects/heimdall-astro/
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by Heimdall were then classified using FETCH (models A and H, with a probability threshold of

0.5)59. The FETCH candidates as well as the Heimdall candidates with DMs in the range 115–

118 pc cm−3 were inspected by eye. We found no promising FRB candidates above a S/N of 7.

Using the radiometer equation60, taking the typical Effelsberg system temperature and gain val-

ues as 20K and 1.54K/Jy, respectively, and assuming a burst width of 1ms, we arise at the flux

upper limit of 0.1 Jy ms for this observation. Due to the sporadic activity behaviour of repeating

FRBs (e.g. Ref.61), our non-detection cannot confirm that FRB 20221022A will never repeat in the

future.

Rise and Decay Times As discussed in Ref.5, the burst shows no clear evidence for temporal

broadening due to multi-path propagation, with an upper limit of τscatt < 550µs at 400 MHz. The

decorrelation bandwidth measurements presented in this work are consistent with this upper limit:

the smallest decorrelation bandwidth, 6 kHz, corresponds to the larger temporal broadening scale

through the relation τscatt ∼ C/(2π∆νDC), which gives a scatter broadening timescale of approxi-

mately 112µs at 400MHz. This confirms that the burst morphology is dominated by the intrinsic

burst decay time, as opposed to the exponential decay from scatter broadening, as indicated by the

scattering upper limits presented in Ref.5. Both the rise and decay times can be important quanti-

ties for probing the burst emission physics44. For example, it is difficult to explain extremely short

temporal variations in the synchrotron maser model44, 62.

We measure the rise time as the beginning of the first burst component to the peak of the

first component. The peak of all three burst components are determined using the fitburst fit

described in Ref.5. The beginning of the first component is defined as the time from the peak that
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contains 90% of the fluence of the leading half of the first burst component. Similarly the decay

time is computed as the time between the peak of the third component to the end of the third burst

component. The end is similarly defined as the time from the peak that contains 90% of the fluence

of the trailing half of the third burst component. The rise and decay times are shown in Extended

Data Figure 1, and are measured to be 553 ± 55µs and 492 ± 49µs, respectively. This gives a

ratio of rise/decay time of 1.1. Measuring a ratio of rise/decay time ≪ 1 would disfavour the

synchrotron shock model, however, our constraint of order unity is not constraining for emission

models.
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Extended Data Figure 1 FRB 20221022A burst dynamic spectrum (bottom left panel),

profile (middle panel), spectrum (right panel) and modulation index (top panel). The burst

is dedispersed to a dispersion measure5 of 116.8371 pc cm−3 and is plotted with time and

frequency resolution 40.96µs and 6.2MHz, respectively. The rise and decay time are

highlighted using the shaded red regions in the middle panel. Both the on-burst time-

averaged spectrum and off-burst spectrum are shown in the bottom right panel. For each

163.84µs time bin, we compute the ACF (Equation 2) across frequency (ACF is computed

for spectra with a frequency resolution of 24 kHz), and measure the modulation index as

the height of the Lorentzian fit to the ACF around zero lag. We only plot modulation

50



indices for 163.84µs time bins that have a S/N> 8. The mean of the measured time

resolved modulation indices for the 124 kHz scintillation scale is shown with the red line,

and is measured to be m̄ = 0.76±0.06, consistent with the frequency-resolved modulation

index measured for this scintillation scale.
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Extended Data Figure 2 On-burst and off-burst spectra across the CHIME observing

band from 400–800 MHz (left panels). A zoom-in around 472–477 MHz (the yellow bar

in the left panels) is plotted in the right panels. Top panels are the spectra of the base-

band data with frequency resolution 0.39 MHz (1024 channels across the entire observing

band). The upchannelised spectra (frequency resolution: 0.76 kHz) are shown in the mid-

dle panels before correcting for the scalloping introduced by the FFT. The model we use to

correct the scalloping is shown in purple in the zoom-in panel. The bottom panels show

the spectra after correcting for the upchannelisation scalloping, and applying additional

RFI masking.

52



Extended Data Figure 3 Diagram of a two-screen lensing setup with a source (⋆),

screen nearest the source (s2), screen nearest the observer (s1) and observer (⊕), all

the distances, d, between any two elements and angular broadening due to scattering, θ.
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Extended Data Figure 4 The lateral emission region size as it depends on the Galac-

tic screen distance, d⊕s1, through the relationship shown on Figure 3 and the two-screen

constraint in Equation 10. The green shaded region shows the allowable lateral emission

region sizes and Galactic screen distance combinations for our measured scintillation pa-

rameters at 600MHz: ∆νs2 = 124 kHz and ms2 = 0.78. The black vertical line indicates the

assumed d⊕s1 = 0.64 kpc from NE2001. The orange shaded region shows the emission

region sizes estimated for the synchrotron maser shock model in Ref.6. The grey hatched

region shows the parameter space we ruled out based on the apparent diameter of the

host galaxy and the two-screen constraint in Equation 10 (see Figure 3).
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Extended Data Figure 5 Lateral emission region size constraints for the other cases

we consider: case (b) in the text refers to the extragalactic screen having a scintillation

bandwidth of 124 kHz at 600MHz and modulation index ∼ 1 (green shaded region); and

case (c) for the extragalactic screen having a decorrelation bandwidth of 6 kHz at 600MHz

and modulation index ∼ 1 (blue shaded region). The left panel is the same as Figure 3

(case (a)) for different scintillation measurements (case (b) and case (c)), and the right

panel is the same as Extended Data Figure 4 for the additional cases considered.
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