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An extreme magneto-ionic environment associated
with the fast radio burst source FRB 121102
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Fast radio bursts are millisecond-duration, extragalactic radio
flashes of unknown physical origin' . The only known repeating
fast radio burst source* *—FRB 121102—has been localized to a
star-forming region in a dwarf galaxy’~ at redshift 0.193 and is
spatially coincident with a compact, persistent radio source”!°.
The origin of the bursts, the nature of the persistent source and
the properties of the local environment are still unclear. Here we
report observations of FRB 121102 that show almost 100 per cent
linearly polarized emission at a very high and variable Faraday
rotation measure in the source frame (varying from +1.46 x 10°
radians per square metre to +1.33 X 10° radians per square
metre at epochs separated by seven months) and narrow (below
30 microseconds) temporal structure. The large and variable
rotation measure demonstrates that FRB 121102 is in an extreme
and dynamic magneto-ionic environment, and the short durations of
the bursts suggest a neutron star origin. Such large rotation measures
have hitherto been observed!"!? only in the vicinities of massive
black holes (larger than about 10,000 solar masses). Indeed, the
properties of the persistent radio source are compatible with those
of a low-luminosity, accreting massive black hole!’. The bursts may
therefore come from a neutron star in such an environment or could
be explained by other models, such as a highly magnetized wind
nebula'® or supernova remnant' surrounding a young neutron star.

Using the 305-m William E. Gordon Telescope at the Arecibo
Observatory, we detected 16 bursts from FRB 121102 at radio
frequencies in the range 4.1-4.9 GHz (Table 1). Complete polarization
parameters were recorded at a 10.24-ps time resolution. See Methods
and Extended Data Figs 1-6 for observation and analysis details.

The 4.5-GHz bursts have typical widths smaller than about 1 ms,
which are narrower than the 2-9-ms bursts previously detected at lower
frequencies™!. In some cases they show multiple components and
structures close to the sampling time of the data. Burst 6 (Table 1) is
particularly striking, with a width smaller than about 30 pis (which con-
strains the size of the emitting region to below about 10km, assuming
no other geometric or relativistic effects). The evolution of burst

morphology with frequency complicates the determination® of the

dispersion measure (DM = fo ¢ n.(l)dl, where d is the distance to the

source in parsec, ! is the line-of-sight position and 7, is the electron
density in electrons per cubic centimetre), but aligning the narrow
component in burst 6 results in DM = 559.7 + 0.1 pccm ™3, which is
consistent*>1>16 with other bursts detected since 2012 and suggests
that any real dispersion measure variations are below the level of
about 1%.

After correcting for Faraday rotation and accounting for about 2%
depolarization from the finite channel widths, the bursts are consist-
ently linearly polarized to about 100% (Fig. 1). The polarization angles
PA=PA_, + 0 (where PA is a reference angle at infinite frequency,
0=RM)? is the rotation angle of the electric field vector, RM is the
Faraday rotation measure and \ is the observing wavelength) are flat
across the observed frequency range and burst envelopes (APA smaller
than about 5°ms™"). This could mean that the burst durations reflect
the timescale of the emission process and not the rate of a rotating beam
sweeping across the line of sight. Any circular polarization is lower than
a few per cent of the total intensity. The Faraday rotation measure

is defined as RM = 0.81 LOBH(l)ne(l)dl , where Bj is the line-of-sight

magnetic field strength (in microgauss); by convention, the rotation
measure is positive when the magnetic field points towards the
observer. On average, the observed rotation measure is RMgps =
(+1.027 £0.001) x 10° rad m 2 and varies by about 0.5% between
Arecibo observing sessions spanning a month (Fig. 2; Table 1). The lack
of polarization in previous burst detections'>!® at 1.1-2.4 GHz is con-
sistent with the relatively coarse frequency channels that cause band-
width depolarization and constrains [RMy| to above about 10* rad m 2
at those epochs.

Confirmation of this extreme Faraday rotation comes from
independent observations at 4-8 GHz with the 110-m Robert
C. Byrd Green Bank Telescope (GBT), which give RMgps =
(+0.9354-0.001) x 10° rad m 2 at an epoch seven months after the
Arecibo detections. The GBT and Arecibo RM,, values differ with high
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Table 1 | Properties of Arecibo (1-16) and GBT (GBT-1 and GBT-2) bursts

Burst Modified Julian date Width (ms) SWy) F(Jy ms) RMopbs (rad m=2) PAL (°) RMgiobal (rad m~2) pAglobal oy
1 57,747.1295649013 0.80 0.9 0.7 +102,741+9 4942

2 57,747.1371866766 0.85 0.3 02 1102,732+34 5549

3 57,747.1462710273 022 0.8 0.2 +102,689+18 64+5

4 57,747.1515739398 055 0.2 0.09 - -

5 57,747.1544674919 0.76 0.2 0.1 - - 1+102,708+4

6 57,747.1602892954 0.03 18 0.05 1+102,739+35 49+9

7 57,747.1603436945 031 0.6 0.2 +102,663+33 7149

8 57,747.1658277033 1.36 04 05 1102,668+18 67+4

9 57,747.1663749941 1.92 0.2 03 - - 58+1
10 57,747.1759674338 0.98 0.2 02 - -

11 57,748.1256436428 0.95 0.1 0.1 - -

12 57,748.1535244366 0.42 0.4 02 +102,508+35 63+10

13 57,748.1552149312 0.78 08 0.6 1102522417 5944 1102,521+4

14 57,748.1576076618 0.15 12 0.2 1102,489+18 6745

15 57,748.1756968287 0.54 0.4 0.4 1102,492+37 64+10

16 57,772.1290302972 0.74 0.8 0.6 1£103,020+12 64+3 1103,039+4

GBT-1  57,991.5801286366 0.59 04 0.2 193526+72 7348

GBT-2  57,991.5833032369 0.27 0.9 0.2 193533442 71+4 +93573+24 68+2

Modified Julian dates are referenced to infinite frequency at the Solar System barycentre; their uncertainties are of the order of the burst widths. Widths have uncertainties of about 10 ps. Peak flux
densities S and fluences F have about 20% fractional uncertainties. Rotation measures are not corrected for redshift, and polarization angles are referenced to infinite frequency. Bursts with no
individual rotation measure entry (-) were too weak to reliably fit on their own. The last two columns refer to a global fit of all bursts. All errors are 1o; see Methods for observational details.

statistical significance and indicate that the rotation measure can vary by
atleast 10% on half-year timescales (Table 1 and Extended Data Fig. 5).

The Faraday rotation must come almost exclusively from
within the host galaxy; the expected Milky Way contribution'” is
—25+80rad m~2, while estimated intergalactic medium contributions'®
are lower than about 10? rad m™2. In the source reference frame,
RMge =RMops (1 4 2)>=+1.46 x 10° rad m 2 and +1.33 x 10° rad m 2
for the Arecibo and GBT data, respectively, where z is the redshift.
Without a correspondingly large change in the dispersion measure,

the observed variations in rotation measure indicate that the Faraday
rotation comes from a compact region with a high magnetic field.
Furthermore, that region must be close to FRB 121102 because it is
very unlikely that an unrelated small structure with the required high
magnetic field is coincidentally in the line of sight.

We can fit all 16 Arecibo bursts with a single polarization angle
PAgbl — 584 1° (referenced to infinite frequency; measured anti-
clockwise from North to East) and a single RMjobal per observation
day (Table 1). However, we cannot rule out small changes in the
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Figure 1 | Polarization angles, pulse profile and spectrum of four
bursts. The grey horizontal lines indicate the average polarization angle of
each burst. The red and blue lines indicate linear and circular polarization
profiles, respectively, while the black line is the total intensity. a, b, The
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Arecibo bursts are plotted with time and frequency resolutions of 10.24 pis
and 1.56 MHz, respectively. ¢, d, The GBT bursts are plotted with time and
frequency resolutions of 10.24 pis and 5.86 MHz, respectively.
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Figure 2 | Faraday rotation in the bursts. a, b, Variations of the Stokes
parameters Q (a) and U (b) with frequency, normalized by the total linear
polarization (L = ./Q? + U?), for the six brightest Arecibo bursts detected
on modified Julian date 57,747. Different bursts are plotted using different
colours. Only data points with signal-to-noise ratio higher than 5 are

rotation measure (below about 50 rad m~2) and polarization angle
(lower than approximately 10°) between bursts. The GBT
data are not well modelled by the use of a single PA8°* value, but
this could be an instrumental difference or reflection of the higher
observing frequency. The near constancy of the polarization angle
suggests that the burst emitter has a stable geometric orientation with
respect to the observer. A linear polarization fraction higher than
about 98% at a single rotation measure constrains turbulent scatter'
as ory < 25 rad m 2 and the linear gradient across the source as
Arm < 20 rad m~2, and there is no evidence of deviations from the
squared-wavelength (\?) scaling of the Faraday rotation effect. Analysis
with the RM Synthesis technique and the deconvolution procedure
RMCLEAN also implies a ‘Faraday-thin’ medium (see Methods).

In the rest frame, the host galaxy contributes a dispersion measure
DMpst~70-270 pc cm 3 to the total dispersion measure of the bursts®.
Given RMj, this corresponds to an estimated line-of-sight magnetic
field Bjj = 0.6/pm—2.4fpm mG. This is a lower-limit range because the
dispersion measure contribution that is related to the observed rota-
tion measure (DMpy;) could be much smaller than the total dispersion
measure contribution of the host (DM}, dominated by the star-
forming region), which we quantify by the scaling factor foy =DMhpos/
DMgy; > 1. For comparison, typical magnetic field strengths within the
interstellar medium of our Galaxy?® are only about 5puG.

We can constrain the electron density, electron temperature (T)
and length scale (L) of the region causing the Faraday rotation by
balancing the magnetic field and thermal energy densities (Extended
Data Fig. 6). For example, assuming equipartition and T. = 10°K,
we find a density of n.~ 10?cm™> on a length scale of Ly~ 1 pc,
comparable to the upper limit of the size of the persistent source'”.

A star-forming region, such as that hosting FRB 121102, will contain
H 11 regions of ionized hydrogen. Although very compact H 11 regions
have sufficiently high magnetic fields and electron densities to explain
the large rotation measure, the constraints from DMj, and the absence
of free—free absorption of the bursts exclude a wide range of H 11 region
sizes and densities?' for typical temperatures of 10*K

The environment around a massive black hole is consistent with
the e, Lry and T, constraints®?, and the properties of the persistent
source are compatible with those of a low-luminosity, accreting massive
black hole'®. The high rotation measure towards the Galactic Centre
magnetar23 PSR J1745—2900 (Fig. 3), RM=—7 x 10* rad m~2, provides
an intriguing observational analogy for a scenario in which the bursts
are produced by a neutron star in the immediate environment of a
massive black hole. However, the bursts of FRB 121102 are many orders
of magnitude more energetic than those of PSR J1745—2900 or any
Galactic pulsar.

plotted and do not include uncertainties. The black lines represent the
best-fitting Faraday rotation model for the global values reported in
Table 1. ¢, Difference between calculated and measured polarization
angles (APA) with 1o uncertainties around the central values, which are
indicated with black dots.

An alternative description of FRB 121102 has been proposed by a
millisecond magnetar model®%!3, According to that model, one would
expect a surrounding supernova remnant and nebula powered by the
central neutron star. The ., Lry and T; constraints are broadly com-
patible with the conditions in pulsar-wind nebulae, but dense filaments
like those seen in the Crab Nebula® may need to be invoked to explain
the high and variable rotation measure of FRB 121102. In a young
neutron star scenario, an expanding supernova remnant could also in
principle produce a high rotation measure by sweeping up surrounding
ambient medium and progenitor ejecta”®. A more detailed discussion
of these scenarios is provided in Methods, and more exotic models also
remain possible®®.

Regardless of its nature, FRB 121102 clearly inhabits an extreme
magneto-ionic environment. In contrast, Galactic pulsars with
comparable dispersion measures have rotation measures that are

.., ———— —
105 |- FRB 121102 -
PSR J1745-2900 @ ]
PSR J1746-2856 ¢
104 °
PSR J1746-2849
° L]
2.
3
& 10° » o =3
£ &.'
K FRB 110523
z %
= 10?2 | a -
B150418
[
.‘4
[ ]
10" -
° ]
FRB 150215
100 L ..I4
103

DM (pc cm3)

Figure 3 | Magnitude of rotation measure versus dispersion measure

for fast radio bursts and Galactic pulsars. Radio-loud magnetars are
highlighted with red dots, while radio pulsars and magnetars closest

to the Galactic Centre® are labelled by name. The green bar represents
FRB 121102 and the uncertainty on the dispersion measure contribution of
the host galaxy®. Green triangles are other fast radio bursts with measured
rotation measure; here the dispersion measure is the upper limit of the
contribution from the host galaxy.
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smaller than a hundredth of the RMg; value of FRB 121102 (Fig. 3),
which is also about 500 times larger than those previously detected in
fast radio bursts?’. The five other known fast radio bursts with polari-
metric measurements present a heterogeneous picture, with a range of
polarization fractions and rotation measures®. As previously
considered®, the large Faraday rotation of FRB 121102 further suggests
that fast radio bursts with no detectable linear polarization may actually
have very large|RM|, higher than 10*-10° rad m™?, that was undetect-
able because of the limited frequency resolution (0.4-MHz channels at
1.4 GHz) of the observations.

Monitoring the rotation measure and polarization angle of
FRB 121102 with time, along with searches for polarization and Faraday
rotation from the persistent source, can help differentiate among com-
peting models. FRB 121102 is unusual not only because of its large rota-
tion measure but also because it is the only known repeating fast radio
burst. This may indicate that FRB 121102 is a fundamentally different
type of source compared to the rest of the fast radio burst population;
future measurements may investigate a possible correlation between
fast radio burst repetition and rotation measure. Perhaps the markedly
higher activity level of FRB 121102 compared to other known fast radio
bursts is predominantly a consequence of its environment; for example,
because these magnetized structures can also boost the detectability of
the bursts via plasma lensing®’.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

The analyses described here were based on the PRESTO?!, PSRCHIVE?? and
DSPSR* pulsar software suites, as well as custom-written Python scripts for linking
utilities into reduction pipelines, fitting the data and plotting.

Observations and burst search. Arecibo. We made the observations using
the Arecibo ‘C-band’ receiver (dual linear receptors) in the frequency range
4.1-4.9 GHz and the Puerto-Rican Ultimate Pulsar Processing Instrument (PUPPI)
backend recorder. The full list of observations is reported in Extended Data Table 1.
We operated PUPPI in its ‘coherent search’ mode, which produced 10.24 pis samples
and 512 x 1.56 MHz frequency channels, each coherently dedispersed to dispersion
measure 557.0 pc cm . Coherent dedispersion within each 1.56-MHz channel
means that the intra-channel dispersive smearing is smaller than 2 s even if the
dispersion measure of the burst is 10 pc cm ™ higher or lower than the fiducial
value of 557.0 pc cm > used in the PUPPI recording. The raw PUPPI data also
provide auto- and cross-correlations of the two linear polarizations, which can be
converted to the Stokes parameters I, Q, U and V during post-processing. Before
each observation, we performed a test scan on a known pulsar (PSR B0525+21)
and a noise diode calibration scan (for polarimetric calibration).

Dedispersed time series with dispersion measure from 461 pc cm™> to

661 pc cm 2 were searched using trial steps of 1 pc cm ™~ and the PRESTO routine
single_pulse_search.py, which applies a matched-filter technique to look for bursts
with durations between 81.92 s and 24,576 ps (for any putative burst that only
has a single peak with width below 81.92 s, the sensitivity will be degraded by
a factor of a few at most). The resulting data points (dispersion measure, time,
signal-to-noise ratio) were grouped into plausible astrophysical burst candidates
using a custom sifting algorithm and then a dynamic spectrum of each candidate
was plotted for manual inspection and grading. We found 16 bursts of astrophysical
origin and used the DSPSR package to form full-resolution, full-polarization
PSRCHIVE ‘archive’ format files for each burst.
Green Bank Telescope. On 26 August 2017, we observed FRB 121102 using the GBT
‘C-band’ receiver (4-8 GHz, with dual linear receptors) as part of a programme
of monitoring known FRB positions. Observations were conducted with the
Breakthrough Listen Digital Backend®*, which allowed recording of baseband
voltage data across the entire nominal 4-GHz bandwidth of the selected receiver.
Scans of a noise diode calibration, of the flux calibrator 3C161 and of the bright
pulsar PSR B0329+54 supplemented the observations.

In post-processing, a total-intensity, low-resolution filterbank data product

was searched for bursts with dispersion measure in the range 500-600 pc cm >
using trial dispersion measure values in steps of 0.1 pc cm > and a search package
implemented on an accelerated graphics processing unit to perform incoherent
dedispersion®. We detected® 15 bursts with signal-to-noise ratio higher than 10.
Here we present the properties of just the two brightest GBT bursts in order to con-
firm the large rotation measure observed by Arecibo and to quantify its variation in
time. A detailed analysis of all GBT detections is in progress (V.G. et al., manuscript
in preparation). A section of raw voltage data (1.5 s) around each detected burst
was extracted and coherently dedispersed to a nominal dispersion measure of
557.91 pc cm ™ using the DSPSR package. The final PSRFITS format data products
have time and spectral resolutions of 10.24 j1s and 183 kHz, respectively.
Data analysis. Calculation of burst rotation measures. We calibrated the burst
‘archives’ using the PSRCHIVE utility pac in ‘SingleAxis’ mode. This calibration
strategy uses observations of a locally generated calibration signal (pulsed noise
diode) to correct the relative gain and phase difference between the two polari-
zation channels, under the assumption that the noise source emits equal power
and has zero intrinsic phase difference in the two polarization channels. This
calibration scheme does not correct for cross-coupling or leakage between the
polarizations. While leakage must be present at some level, the high polarization
fraction, complete lack of circular polarization, and consistency of the test pulsar
observations with previous work give us confidence that calibration issues are not
a substantial source of error for the rotation measure determination. In addition,
the flux density of GBT observations was calibrated using the flux calibrator.

We initially performed a brute-force search for peaks in the linear polarization
fraction (Extended Data Fig. 3) and discovered that RMyps ~+10° rad m 2 in
the Arecibo data. Each burst was corrected for Faraday rotation using the best-
fit rotation measure value for that burst. Residual variations in the resulting
polarization angle PA()) were used to refine the initial values by fitting

PA(\) = RMN +PA (1)
and then

L= exp[i2(RMA2 + PA )] (2
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where L is the unit vector of the linear polarization. We used equation (2) to fit the
whole sample of bursts, imposing a different rotation measure per day and a
different PA, per telescope. The results of these fits are reported in Table 1 and an
example is shown in Fig. 2.

By applying the optimal rotation measure value to each burst, we produced
polarimetric profiles showing that each burst is almost 100% linearly polarized,
after accounting for the finite widths of the PUPPI frequency channels (Fig. 1;
Extended Data Fig. 2). In fact, the measured Arecibo bursts are depolarized to
about 98%, in agreement with an uncorrected intra-channel Faraday rotation of

RMbsc?AA
A= e 2V 3)

Ve

where c is the speed of light, Av is the channel width and v is the central channel
observing frequency. At 4.5 GHz, this corresponds to about 9°, and the depolari-
zation fraction is

sin(2A6)
2A0

We supplemented the above analysis with a combination of the RM Synthesis
method and the deconvolution procedure RMCLEAN (for example, Extended
Data Fig. 4). Ensuring the presence of minimal Faraday complexity is possible by
integrating across the full bandwidth and taking advantage of a Fourier transform
relation between the observed L()\?) values and the Faraday spectrum (the polari-
zed brightness as a function of rotation measure). This approach is known as RM
Synthesis®’” and can be coupled with RMCLEAN to estimate the intrinsic Faraday
spectrum®. Although RM Synthesis and RMCLEAN can have difficulty in prop-
erly reconstructing the intrinsic Faraday spectrum under certain circumstances,
the spread of clean components is a reliable indicator of spectra that contain more
than a single Faraday-unresolved source®.

At each observed frequency, we integrated the Stokes parameters Q and U across
the pulse width and normalized using the Stokes I profile. Owing to the normali-
zation, we used only frequency bins that had a Stokes I signal-to-noise ratio of at
least 5. We computed a deconvolved Faraday spectrum for each burst separately
on a highly oversampled rotation measure axis (RM sampling SRM =2 10~* of the
nominal full-width at half-maximum of the rotation measure resolution element).
We used a relatively small gain parameter (0.02) and terminated the deconvolution
when the peak of the residual decreased to 20 above the mean. The algorithm
typically required 50-80 iterations to converge. This combination of settings
permits us to carefully consider the cumulative distribution of RMCLEAN compo-
nents along the rotation measure axis and thus constrain the intrinsic width of the
polarized emission to below about 0.1% of the typical rotation measure uncertainty.
We found that this value scales with SRM because the peak of the Faraday spectrum
rarely lands precisely on an individual pixel. To a high degree of confidence, there
is evidence neither of emission at more than one rotation measure value, nor of a
broadened (‘Faraday-thick’) emitting region; we therefore forgo more complicated
fitting of the Q and U parameters'®. The results of this analysis, shown in Extended
Data Table 2, are consistent with the simplified fitting results described above.
Calculation of burst properties. As in previous studies>!®, a search for periodicity
in the burst arrival times remains inconclusive. Determining the exact dispersion
measures of the bursts is complicated by their changing morphology with radio
frequency™!®. Measuring the dispersion measure based on maximizing the peak
signal-to-noise ratio of the burst often leads to blurring of the burst structure
and, in the case of FRB 121102, an overestimation of the dispersion measure. We
have thus chosen to display all bursts dedispersed to the same nominal dispersion
measure of burst 6 (Fig. 1 and Extended Data Fig. 1). Taking advantage of the nar-
rowness of burst 6, we estimated its optimal dispersion measure by minimizing its
width at different dispersion measure trials. We measured burst widths at half the
maximum of the peak value by fitting them with von Mises functions using the
PSRCHIVE routine paas (Table 1). These widths correspond to the burst envelope
in the case of multi-component bursts.

The flux densities of the Arecibo bursts were estimated using the radiometer
equation to calculate the equivalent root-mean-square flux density of the noise

Frepor =1 = 1.6% (4)

P Tsys
noise 7G m

where Ty~ 30K and Ga 7K Jy ! are the system temperature and gain of the
receiver, respectively, B=800 MHz is the observing bandwidth and t;,, = 10.24 ps
is the sampling time. The GBT observations were calibrated using a flux calibrator,
as discussed earlier. Because of the complicated spectra of the bursts, we quote
average values across the frequency band (Table 1).

©)
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The dynamic spectra of the bursts in Extended Data Fig. 1 show narrow-band
striations that are consistent with diffractive interstellar scintillations caused by
turbulent plasma in the Milky Way. The autocorrelation functions of the burst
spectra show three features: a very narrow feature from radiometer noise, a narrow
but resolved feature corresponding to the striations, and a broad feature related
to the extent of the burst across the frequency band. The striation feature has
a half-width that varies between about 2 MHz and 5 MHz from burst to burst
and is comparable to the scintillation bandwidth expected from the Milky Way
in the direction of FRB 121102. The NE2001 electron density model*’ provides
an estimate 7/ 16 s for the pulse broadening time at 1 GHz. This predicts a scin-
tillation bandwidth of about *4/(2w7) that ranges from 5 MHz to 11 MHz across
the 4.1-4.9 GHz band. We conclude that the measured autocorrelation functions
and the NE2001 model prediction are consistent to within their uncertainties and
that the narrow striations are due to Galactic scintillations.

A model for the rotation measure and scattering measure of FRB 121102.
Rotation measure constraints. The measured RMps~ +1 x 10° rad m 2 implies
a source frame value

RMge = (14 2)*RMgps &~ +1.4 X 10° rad m 2 (6)

We can use the previously estimated® DMj,o5 & 70-270 pc cm ™~ (in the source
frame) and RMj to constrain the properties of the region in which the Faraday
rotation occurs. In the absence of other information, we can set a constraint on the
average magnetic field along the line of sight in the Faraday region using the ratio

RMgc

=_— "% _10.6 mG,2.4 mG] (7)
0.81DMpost

By
If only a small portion of the total dispersion measure of FRB 121102 is from the
highly magnetized region, the field could be much higher.
Scattering measure constraints. The best constraint on pulse broadening comes
from the measurement of the scintillation (diffraction) bandwidth of Avy~5MHz
at 4.5 GHz (see above). This implies a pulse broadening time at 1 GHz of

7(1 GHz) ~ (27 Avg)~! x (4.5 GHz/1 GHz)** =24 s (8)

This scattering time is consistent with that expected from the Milky Way using
the NE2001 model*’ and therefore is an upper bound on any contribution from
the host galaxy. Compared to scattering in the Milky Way, this upper bound is
below the mean trend for any of the plausible values of DMy,os, especially when the
correction from spherical to plane waves is taken into account?!.

Compared with the observer frame, the ratio 7/DMj,y is a factor of
(1 4 z)>=1.42 larger in the source frame but that is still far from sufficient to
account for the apparent scattering deficit with respect to the Galactic 7/DM
ratio. Given the apparent extreme conditions of the plasma in the host galaxy, it
would not be surprising if its turbulence properties caused a scattering deficit. For
example, scattering is reduced if the inner scale is comparable to or larger than the
Fresnel scale owing to either a large magnetic field or a high temperature.
Constraints on the properties of the Faraday region. Comparison of the magnetic
field and thermal energy densities enables us to constrain the electron density and
temperature and the length scale of the region responsible for the observed Faraday
rotation. We parametrize this relation with

B2
/88_ = ZnekBTe (9)
1y

where (s a scaling factor, B is the magnetic field strength and kg is the Boltzmann
constant. This assumes a 100% ionized gas of pure hydrogen with temperature
equilibration between protons and electrons. Under equipartition, 5= 1. In more
densely magnetized regions, 3 < 1. Field reversals will reduce the total rotation
measure, requiring a lower value of 3 in order to match constraints. The absence
of free-free absorption at a frequency of about 1 GHz sets an additional constraint
on the permitted parameter space.

In Extended Data Fig. 6, we explore a range of physical environments. We
consider a lower limit, DM = 1 pc cm 2, on the dispersion measure that is smaller
than the previously estimated® DMy, ~70-270 pc cm ™~ because it is possible that
not all of the dispersion measure originates from the Faraday region. Galactic H 11
regions typically have| RM|smaller than about 3 x 10> rad m ™2 and weak magnetic
fields** with (3 greater than about 1, although calculations suggest that it is possible
for H 11 regions to achieve high rotation measures under some circumstances*.
The parameter space for a typical H 11-region plasma at T, = 10*K is almost entirely
excluded, and many possible H 11 region sizes and densities?! are incompatible with
the DMy constraints. At higher T, wide ranges of the parameter space are
permitted. In the case of equipartition, we have explicit unique solutions. For
T.= 10°K, we find a density of 7.~ 10>cm > on a length scale Lpy~ 1 pc,

comparable to the upper limit of the size of the persistent source. Higher-
temperature gas (T, = 10°K) can be extended to Lpy= 100 pc. For both of these
solutions, the characteristic magnetic field strength is about 1 mG.

The large rotation measure of FRB 121102 is similar to those seen towards
massive black holes; notably, RM a2 —5 x 10° rad m 2 is measured near Sagittarius
A*, the Milky Way’s central black hole, and probes scales below 10* Schwarzschild
radii (about 0.001 pc)''2. The constraints on 7, T and Lry are also consistent
with the environment around Sagittarius A* (Extended Data Fig. 6). The high
rotation measure towards the Galactic Centre magnetar PSR J1745—2900 (Fig. 3),
RM = —7 x 10* rad m 2, at a projected distance”** of about 0.1 pc from Sagittarius
A*, is evidence of a dynamically organized magnetic field around Sagittarius
A* that extends to the distance of the magnetar?. Notably, radio monitoring
of PSR J1745—2900 for about 4.5 years has shown a decrease of around 5% in
the magnitude of the observed rotation measure, while the dispersion measure
remained constant at a level of about 1% (Desvignes, G. et al., manuscript in
preparation). This suggests large fluctuations in magnetic field strength in the
Galactic Centre on scales of roughly 1075 pc.

The high rotation measure and the rich variety of other phenomena
displayed by the FRB 121102 system suggest that the persistent radio counterpart
to FRB 121102 could represent emission from an accreting massive black hole, with
the surrounding star formation representing a circum-black-hole starburst. Given
the mass of the host galaxy and typical scaling relationships*®, the mass of the black
hole would be about 10*-10° solar masses (M). The observed radio brightness and
compactness of the source, as well as the optical and X-ray non-detections®!16,
are compatible with such a black hole and an inefficient accretion state (about
10~%Lpgq-10"*Lgqg, where Lggq is the Eddington luminosity).

While models considering the presence of only a massive black hole have been
proposed”, there is no observational precedent for microsecond bursts created
in such environments. Rather, the FRB 121102 bursts themselves could arise
from a neutron star, perhaps highly magnetized and rapidly spinning, near an
accreting massive black hole. The proximity of PSR J1745—2900 to Sagittarius A*
demonstrates that such a combination is possible. In this model, the black hole is
responsible for the observed persistent source, whereas the bursts are created in
the magnetosphere of the nearby neutron star?’.

Alternatively, the association of FRB 121102 with a persistent radio source
has been used to argue that the radio bursts are produced by a young magnetar
powering a luminous wind nebula'>**., This model is not well motivated by Galactic
examples, since the most luminous (non-magnetar-powered) Galactic pulsar wind
nebula is 500,000 times less luminous than the persistent source that is coincident
with FRB 121102, and Galactic magnetars have no detectable persistent radio wind
nebulae***. Also, although giant flares from magnetars can produce relativistic
outflows®!, an upper limit of the rotation measure from one such outburst®* is four
orders of magnitude below that observed for FRB 121102.

Nonetheless, under the millisecond magnetar model, the properties of the
persistent source constrain the age of the putative magnetar to between several
years and several decades, with a spin-down luminosity of 10% to 10’ times higher
than any local analogue!?. Furthermore, the millisecond magnetar model predicts
that the nebula magnetic field strength scales with the integrated spin-down lumi-
nosity of the magnetar'*#®. Extended Data Fig. 6 shows a range of sizes, densities
and temperatures for the Faraday-rotating medium that are consistent with Crab-
like pulsar wind nebulae, known supernova remnants and a simple model for
swept-up supernova ejecta.

Data availability. The calibrated burst data are available upon request from the
corresponding author.

Code availability. The codes used to analyse the data are available at the following
sites: PRESTO (https://github.com/scottransom/presto), PSRCHIVE (http://
psrchive.sourceforge.net) and DSPSR (http://dspsr.sourceforge.net).
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Extended Data Figure 1 | Pulse profiles and spectra of 16 Arecibo bursts. The bursts are dedispersed to DM = 559.7 pc cm ™~ (which minimizes the
width of burst 6) and plotted with time and frequency resolutions of 20.48 pis and 6.24 MHz, respectively.



LETTER

1.1

1.0

L/

0.9

0.8 | |

—
-
e
—

0.7 ' ' '
4200 4300 4,400

4,500 4,600 4,700 4,800

Frequency (MHz)

64 | I I
62
60
58
56
54
52

PA (deg)

50
4,100 4,200

4,300 4,400

4,500 4,600 4,700 4,800

Frequency (MHz)

100 T T T
90
80
70
60 ' .
50
40
30

PA (deg)

©] |,

Lerr

0 2,000 4,000 6,000

8,000 10,000 12,000 14,000 16,000

Time (us)

Extended Data Figure 2 | Polarimetric properties of the 11 brightest
bursts detected by Arecibo. a, Linear polarization fraction of the bursts as
a function of frequency. The solid line shows the theoretical depolarization
due to intra-channel Faraday rotation, calculated using equations (3) and
(4). b, PA as a function of frequency. Values in a and b are averaged

over 16 consecutive channels. ¢, PA as a function of time. A time offset

is applied to each burst in order to show them consecutively. Vertical
dashed lines divide different observing sessions. All values in this figure
have been corrected for the rotation measure, which was calculated with a
global fit. Grey regions in b and ¢ indicate the 1o uncertainty around the
polarization angle determined from the global fit.
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Extended Data Figure 3 | Linear polarization fraction of the bursts as
a function of rotation measure. Different colours represent different
observing sessions (see key). The grey line indicates the average rotation
measure that yields the largest polarization fraction in the first observing

session.
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Extended Data Figure 4 | Example of RM Synthesis and RMCLEAN algorithm (at 102,679.5 rad m 2 and 102,679.75 rad m 2 compare with the
results for burst 8. The relevant rotation measure range is shown for peak of the final deconvolved Faraday spectrum at 102,679.65 rad m ).
burst 8, after analysis with RM Synthesis (dashed line) and RMCLEAN For all bursts, the RM Synthesis and RMCLEAN steps demonstrate an
(solid line), as described in the main text. Only two clean components extremely thin and single-peaked Faraday spectrum.

(red circles) were required to reach convergence in the deconvolution
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Extended Data Figure 6 | Physical constraints from source parameters. (left) and the star-forming region (right), respectively®!°. The parallel
a—c, Parameter space for the electron density (ne) and length scale (Lgy) of ~ dashed lines represent fits to a range of Galactic and extragalactic H 11
the Faraday region for three different temperature regimes, T.= 10* K (a), regions®!. The parallel dotted lines represent the evolution of 1M and
10° K (b) and 10° K (c). The shaded red region indicates the parameter 10Mg, of ejecta in up to 1,000 years at a velocity of 10*km s~ in the
space excluded because of optical depth considerations (optical depth blast-wave phase following a supernova®. The filled downward-pointing
from free—free absorption 7¢ > 5). The solid black line indicates the triangles and diamonds correspond to the supernova remnants Cas A and
maximum DMy, permitted, while the shaded grey region shows the SN 1987A, respectively®*. The filled circles represent the mean density
dispersion measure down to 1 pc cm 3. The solid blue line denotes RM. and diameter of the Crab Nebula, whereas the filled squares represent
The shaded blue region shows the range 1074 < < 1. The intersection the characteristic density and length scale of a dense filament in the Crab
of grey and blue regions outside of the red region is physically permitted. Nebula?. The stars indicate the density of Sagittarius A* at the Bondi

The arrows indicate the upper limits on the sizes of the persistent source radius?.
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Extended Data Table 1 | List of 4.5-GHz Arecibo observations used
in this study

Start Duration  # bursts
(M) D) (s)
57717.2018171 4146 0
57717.2500000 2378 0
57747.1172685 6703 10
57748.1141435 6806 5
57772.0590625 5901 1
57806.9996759 2700 0
57813.9342940 5588 0
57821.9134144 2893 0
57858.8624769 2350 0
57865.8491782 1904 0
57872.8160417 2919 0
57900.7106597 2779 0




Extended Data Table 2 | Results of analysis with RM Synthesis

and RMCLEAN

Burst RM
(radm~?2)

RMdisp
(radm~?2)

1 +102805 + 37
2 +102685 + 70
3 +102667 + 37
6 +102642 + 73
7 +102643 + 105
8 +102680 + 43

12 +102585 + 67
13 +102484 + 53
14 +102440 + 51
15 +102701 + 211
16 +102986 + 27

GBT-1  +93572 + 2885
GBT-2  +93523 + 237

< 0.12
< 0.05
< 0.12
< 0.11
< 0.04
< 0.12
< 0.02

0

0

< 0.05
< 0.10
0
0

Rotation measures were determined by fitting a quadratic function to the peak of the deconvolved
Faraday spectrum. Rotation measure uncertainties were determined by dividing the nominal
full-width at half-maximum of the rotation measure resolution element by twice the signal-
to-noise ratio at the peak of the rotation measure spectrum. RMdisp is the second moment
(dispersion) of the RMCLEAN clean components discovered during the Faraday spectrum
deconvolution. Upper limits indicate that the value scales with the rotation measure pixel size;

a zero value means that all clean components fell within the same pixel and indicates a Faraday
spectrum that is indistinguishable from being infinitely thin.
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