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Circular polarization in the optical afterglow of
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Gamma-ray bursts (GRBs) are most probably powered by collimated
relativistic outflows (jets) from accreting black holes at cosmological
distances. Bright afterglows are produced when the outflow collides
with the ambient medium. Afterglow polarization directly probes
the magnetic properties of the jet when measured minutes after the
burst, and it probes the geometric properties of the jet and the ambi-
ent medium when measured hours to days after the burst'~. High
values of optical polarization detected minutes after the burst of GRB
120308A indicate the presence of large-scale ordered magnetic fields
originating from the central engine’ (the power source of the GRB).
Theoretical models predict low degrees of linear polarization and no
circular polarization at late times®®, when the energy in the original
ejecta is quickly transferred to the ambient medium and propagates
farther into the medium as a blast wave. Here we report the detection
of circularly polarized light in the afterglow of GRB 121024A, mea-
sured 0.15 days after the burst. We show that the circular polariza-
tion is intrinsic to the afterglow and unlikely to be produced by dust
scattering or plasma propagation effects. A possible explanation is to
invoke anisotropic (rather than the commonly assumed isotropic)
electron pitch-angle distributions, and we suggest that new models
are required to produce the complex microphysics of realistic shocks
in relativistic jets®™'.

Magnetic fields play a crucial role in the physics of relativistic jets—
for example, in their formation, acceleration and collimation"'>'*. On
smaller spatial scales, there is a strong connection between particle accel-
eration and magnetic field generation in the collisionless relativistic shocks
that create GRB afterglows’™". Our understanding of magnetic field
properties in GRBs and their afterglows has improved rapidly through
recent observational successes, such as time-resolved linear polarimetry of
prompt y-ray emission'*" (just seconds after the burst) and the observed
transition of reverse shock emission (high levels of optical linear polar-
ization, seen just minutes after the burst) to the early forward shock after-
glow emission (lower levels of linear polarization)®. These observations
have given support to models predicting large-scale ordered fields in the
GRB ejecta’. On the other hand, late-time polarimetry (hours to days after
the burst) offers the advantage that at these times the optical emission
probably originates from a single emission process, namely synchrotron

emission from the forward shock (that is, emission from the shocked am-
bient medium), in which ordered fields are much less likely to be present”.
This then allows measurements of the geometry of the jet through mon-
itoring of the late-time polarization angle>*'", but crucially also offers
asimple test for afterglow microphysics via circular polarimetry—detailed
models have been developed, but observational attempts have largely
focused on radio reverse shocks, producing only upper limits'®, and a
single optical non-detection’.

GRB 121024A was detected by the Burst Alert Telescope (BAT) on
board the Swift satellite at 02:56:12 UT on 24 October 2012"; a redshift
of z = 2.298 was determined shortly afterwards (Methods). We obtained
imaging polarimetry observations with the FOcal Reducer and low dis-
persion Spectrograph (FORS2) on the Very Large Telescope (VLT), using
a Wollaston prism and quarter- and half-wavelength plates (Extended
Data Figs 1 and 2). Observations with the ESO Rypecia filter commenced
at 2.57 h after the burst, when the afterglow had an R-band brightness
of R~ 19.8 mag. After two sets of linear polarimetry (giving the per-
centage of linear polarization, P};,), we obtained four consecutive mea-
surements of the percentage of circular polarization (P,), followed by
a further 9 measurements of Py;,, (of which 4 were on the second night).
Data reduction and calibration follow standard procedures'” (Methods).
Simultaneously with the polarimetry, we monitored the afterglow optical
light curve with the Gamma-Ray Burst Optical/Near-Infrared Detec-
tor (GROND) instrument (Methods). In the following we will use a
notation where the flux density F depends on frequency v and time ¢ as
F o< t~*v" P, with temporal decay index o and spectral energy index f3.

The X-ray light curve obtained by Swift (retrieved from the online
Swift/XRT GRB light curve repository™) is well described by three power-
law segments, where the first break occurs at fyea; =6197 332 s and
the second break at fyreqr» =3.47F %g x 10* s (errors at 90% confidence
level). In the GROND light curve, we find evidence of a break at a time
consistent with thislast X-ray break (Extended Data Fig. 3). A combined
fit to the X-ray and GROND data, using a smoothly broken power law
and a host galaxy component, gives a best-fitting break time tyea1 2 =
3.72 %007 X 10* s (Methods), pre-break light-curve decay indices opre.ope =
0.93 % 0.02 and ore x—ray = 0.96 = 0.11, and post-break light-curve decay
indices oposopt = 1.25 = 0.04 and o5 x —ray = 1.67 = 0.10 (uncertainties
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Figure 1 | Linear polarization of the afterglow of GRB 121024A. a, The
percentage of linear polarization as a function of time; b, the polarization angle.
Red points are for GRB 121024A, green points are for the only other Swift GRB
afterglow with extensive polarimetry, GRB 091018' (error bars are 1¢). The
horizontal axis marks the time since trigger, normalized by the jet break time

are 10). The occurrence of a light-curve break simultaneously in X-ray
and optical wavelengths is suggestive of a jet break origin: a late-time,
usually achromatic, light-curve break, generally associated with the finite
opening angle of the jet that becomes apparent when the jet Lorentz
factor decreases below a critical value. The X-ray+GROND spectral
energy distribution is best fitted with a single power law with § = 0.88 =
0.01 and an optical extinction Ay = 0.22 = 0.02 mag (Methods; Extended
Data Fig. 4). The pre-break temporal and spectral indices agree with the
standard fireball closure relations* in the situation where the synchro-
tron cooling frequency v. and peak frequency vy, are below both optical
and X-ray frequencies™".

Figure 1 shows the observed P;,, behaviour. Initially the source starts
out ~5% polarized (much lower than the ~70% expected for a perfectly
ordered magnetic field); this polarization subsequently decays to lower
levels, while the polarization angle is remarkably constant. This shows
that the magnetic field directions are largely random, that is, the coher-
ence scales of the field in the blast wave are small, but their directions
are confined to the plane of the shock (the detected polarization is attrib-
uted to a somewhat off-axis viewing angle). In the second night of data,
the polarization angle is markedly different, consistent (within errors)
with a change of exactly 90° (Fig. 1). We consider this an unambiguous
detection of the 90° angle change predicted to occur around the jet break
time of a homogeneous jet that is not spreading sideways®*. The exact
time at which the angle change occurs is dictated by viewing angle*. The
observed angle change shows that any ordered magnetic fields in the
forward shock are weak, if present™.

We acquired the P,;, measurements shown in Fig. 2 between the second
and third Py, datapoints. Under the assumption that during this inter-
val no variability in P, is expected (the time covered is small compared
to the time after the burst), we combine the 4 measurements together,
and measure P, = 0.61% * 0.13% (see Methods). We estimate the per-
centage of linear polarization during the circular polarimetry interval to
be Py, = 4%: the afterglow shows a ratio P;,/Py;,, = 0.15, several orders
of magnitude above basic model predictions (~10~* at optical wave-
lengths®®; see Methods) and other measured relativistic jet sources™
(Fig. 3).

A high level of circular polarization can be intrinsic to the source (for
example, the P, of the synchrotron emission from the source) or have
its origin in propagation effects within the source (for example, Faraday
conversion Py, — P, which is effective in a hot, relativistic medium) or
by dust scattering effects along the line of sight. Plasma propagation effects
within the source have been shown to be strong at long wavelengths (close
to the synchrotron self-absorption frequency, v,), but negligible at optical
wavelengths®®: it is very unlikely that these effects play a role here.

The influence of dust is limited to the host galaxy, as the Galactic extinc-
tion towards GRB 121024A is very small, E(B — V) = 0.10 (Methods).
Dust affects optical P, through four possible routes: multiple scatter-
ing in an optically thick medium of dust grains; dichroic scattering by
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(threak2 = 3.72 = 0.07 X 10%s). 0, and 6, show the average angles before the jet
break; 0, , + 90 demonstrates the 90° angle change predicted for jet breaks

of uniform jets. Horizontal double-headed arrows show the timespan over
which the circular polarimetry was obtained.

(somewhat aligned) non-spherical dust grains; dichroic extinction of
linearly polarized radiation by (somewhat aligned) non-spherical dust
grains; and the scattering of linearly polarized radiation by randomly
oriented dust particles (if the polarization is not in, or perpendicular to,
the scattering plane). The P, expected to be caused by the last three
effects depends strongly on the degree of alignment, source inclination
and the total amount of dust involved, for which line-of-sight extinction
may be a proxy****. The weak line-of-sight host galaxy extinction, Ay =
0.22 = 0.02 mag (Methods), argues against multiple-scattering effects™.
To rule out the other possibilities, we simulated the efficiency of con-
version of Py, — P, through single dust scattering (that is, where each
photon has been scattered at most once by a dust particle), finding max-
imal conversion values at high and low scattering angle regimes of ~10%
at ~100°, and ~8% at ~20°. Models based on partially aligned dust
grains have lower efficiency. Ifalarge part of P, is in fact due to dust, we
expectalarge fraction, if not all, of the P};, to be caused by dust scattering
too. Thelinear polarization curve (Fig. 1) shows no signs of this: we would
not expect to see a constant angle before the jet break (at fyeax 2), nor for
Py;,, toreach near zero at any point, nor a clear 90° angle change over the
jet break®. In addition, light scattered at large scattering angles has not
had time to reach us yet (dust very close to the GRB gets destroyed by the
GRB prompt emission). After eliminating plasma propagation effects
and dust scattering, we therefore conclude that the measured P, is likely
to be largely or fully intrinsic to the afterglow. It is of some interest to
compare this with the only other afterglow with deep measurements,

a GRB 121024A b GRB 091018
1'5_""I'"'I""I""I""I"_ _'"'I""I""I""I""_1'5
_ 1 F 71
§ L J L i
o 051 [#[:3 1 Jos
[0}
g [ ] L ]
S 1 ¢ (‘P ]
? o 1 B9 ¢¢ o
[y =Y FUI T B U B I I I I U e
0.12 0.14 0.16 0.13 0.15 0.17

Time since burst (days)

Figure 2 | Optical circular polarization measurements of the afterglow of
GRB 121024A. a, Optical circular polarimetry of the afterglow of GRB
121024A; b, optical circular polarimetry for GRB 0910187 (error bars are 15).
The horizontal axis shows the time since burst in the observer frame, and the
vertical axis shows the circular polarization expressed in Stokes parameters V'
and I (see Methods) as V/I, in per cent. The short-dashed line indicates V/I = 0,
the dashed line shows the measured V/I from the combined data points, and 1¢
uncertainty values around the best combined data value are shown with

solid lines.
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Figure 3 | Optical polarimetry of quasars and GRB afterglows compared.
Polarization measurements for GRBs 121024A and 091018 (diamond symbols)
are shown with optical polarimetry of quasars® (squares); error bars are 1o.
The data points are colour-coded for redshift. The few quasars with >3
detection of optical circular polarization have high values (=20%) of linear
polarization. GRB 121024A has the highest detected level of optical circular
polarization, and at z = 2.298 is the highest-redshift object with a detection,
showing the potential for GRBs as probes of possible cosmological propagation
effects. We note that the range of redshifts means that different rest-frame
wavelengths are being compared.

that of GRB 091018, which showed limits'” P;. < 0.15% (20) and P,/
Py, <1 (Figs 1,2 and 3).

The origin of the optical circular polarization in the afterglow of GRB
121024A is puzzling. We expect intrinsic polarization from the external
shock synchrotron emission of P =7, 1 wherey, is the random Lorentz
factor of the electrons emitting the optical radiation—under the assump-
tion of isotropic electron pitch-angle distribution and perfectly ordered
magnetic field® (Methods). In this situation, the observed P, would
imply extremely low values of y,.. Furthermore, because P, and P};, are
both expected to be reduced from the value for a perfectly ordered field
by the field randomness in the same way, the expected P,/ Py, ratio is
the same as for a perfectly ordered field, again scaling with y,~! in the
case of an isotropic electron distribution®. Therefore, the observed polar-
imetric behaviour poses a challenge to the long-standing assumption of
isotropic electron pitch-angle distributions in the GRB forward shock
afterglow. Pitch-angle anisotropy has been postulated before as a pos-
sible explanation of GRB phenomena as varied as steep decay phases in
X-ray light curves”” and spectra of prompt emission®®, but evidence for
this has been lacking. Further hints of a more complicated structure of
emission and acceleration regions come from observations as varied as
high-energy emission in GRBs* and fast variability of high-energy emis-
sion in quasars®. The circular polarization of afterglows from GRBs
as well as quasars (Fig. 3) offers a new line of evidence required to
guide theoretical studies™".

METHODS SUMMARY

Both linear and circular polarimetry of the afterglow of GRB 121024A were per-
formed using the FORS2 instrument on the VLT, using the Rypecia filter in imaging
polarimetry mode, using a Wollaston prism and half- and quarter-wavelength plates.
We used four plate angles for linear polarimetry and two for circular polarimetry, in
order be able to use beam-switching to reduce systematic errors, and used aperture
photometry to measure source fluxes. Measurements from polarimetric sequences
taken on the second night after the burst were combined to increase signal-to-noise
ratios. We used field stars to measure the linear polarization induced by Galactic
dust, fitting the distribution in Stokes Q and U with a two-dimensional Gaussian
function. We monitored the optical afterglow brightness in seven photometric
filters using the GROND instrument, we fitted the X-ray data from the Swift sat-
ellite together with the GROND data with absorbed power laws to establish the pre-
sence of a late-time break in the light curve, and we fitted the X-ray/optical spectral
energy distribution of the afterglow. Finally, we demonstrated how the observed
high level of circular polarization contradicts theoretical estimates, and how
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anisotropy in the electron pitch-angle distribution may explain the observed ratio
of optical circular to linear polarization.

Online Content Any additional Methods, 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

Linear and circular polarimetry. GRB 121024A triggered the Burst Alert Tele-
scope (BAT) on board the Swift satellite at 02:56:12 UT on 24 October 2012 (Swift
trigger 536580)"°. We will use this trigger time as , (that is, time since burst of an
observation is t = t,ps — to) throughout. The prompt emission shows the burst prob-
ably belongs to the class of long bursts, with a duration tog = 69 = 325 (ref. 31). An
X-ray and optical afterglow was found by the Swift X-ray telescope (XRT) and UV -
optical telescope (UVOT)". The redshift, z = 2.298, was found through afterglow
spectroscopy with the X-shooter instrument on the Very Large Telescope®. Based
on the initial brightness of the UVOT afterglow'® we activated our VLT polari-
metry programme (programme 090.D-0789, PI Wiersema).

The data acquisition strategy, reduction and analysis closely follows that of our
recent paper on GRB 091018'7, which in turn follows the specific recommendations
set out for FORS polarimetry*. We summarize those methods here, and give addi-
tional details specific to the case of GRB121024A.

Observations in the FORS2 Rgpc.iq filter started at 9.2 X 10’ s after burst. Fol-
lowing an acquisition image (Extended Data Fig. 1), polarimetry was acquired in
imaging polarimetry (IPOL) mode. In this instrument mode, a super-achromatic
half- or quarter-wavelength plate is used (for linear and circular polarimetry, respec-
tively), after which a Wollaston prism is used to split the light into two beams, the
so-called ordinary and extraordinary beam (hereafter the o and e beam) that have
perpendicular polarization. These beams are imaged simultaneously: a slit mask is
used to prevent overlap of the two beams on the chip (Extended Data Fig. 2). All
linear polarization measurements are obtained using four rotation angles (0°, 22.5°,
45° and 67.5°) of the half-wavelength plate; for the circular polarimetry we used
two angles (—45° and +45°) of the quarter-wavelength plate. The GRB afterglow
was positioned in the middle of the mask opening at the default (on-axis) position
for FORS2 observations, on chip 1. A small number of linear polarization measure-
ments were taken with a small dither (~16 pixels in the Y direction) to eliminate
any potential effects of bad pixels/columns; none of these problems were apparent.
Extended Data Tables 1 and 2 list the polarimetric observations and their resulting
measurements.

Data reduction was done within IRAF, using bias and sky flat frames obtained
on the same nights. Analysis of the data was done via aperture photometry, using
IRAF scripts developed for this purpose, using the following method. We perform
aperture photometry of all point sources present on both FORS2 chip 1 and 2, on
the o and e images, using an aperture radius of 1.5 times the on-frame full-width at
half-maximum (FWHM) of the point spread function (PSF). The PSF is found via
a Gaussian fit on all point source objects, on a per-image basis, and is determined
independently for the o and e beam as small differences in PSF shape may occur
between the beams, particularly for objects far off-axis. The PSF value was used to
set the aperture size; for example, the 0 beam on chip 1 is the weighted average of
the FWHM of all point sources in that beam, chip and image. The sky subtraction
was done using an annulus of inner and outer radii 3 and 4 times the FWHM, res-
pectively. We only included sources for which the sky annulus was fully contained
within the mask and showed no signs of saturation. Using this procedure we mea-
sured fluxes f, and f for all point-like objects in all frames. Errors were determined
using 0%, =g ' X f+ (na+n} /np) o} /pixel, where g is the gain, f the flux (f,
and f,, source minus the mean background) in the aperture, 14 and g the number
of pixels in aperture and background region; and op/pixel the variance per pixel in
the sky level within the annulus.

The read noise contribution to the errors is negligible in these data. Images are
not combined (that s, the depth of coverage per pixel is 1). The purpose of using the
four angles for linear polarization, and two for the circular, is that the beams switch,
eliminating several systematic errors (for example, flat field defects), resulting in
increased reliability®’. We use the fluxes to derive the normalized flux difference at
anglenumberias F; = (fo; — fo)/(foi + fo.)) = (fo,; — fo.)/I. We use the Stokes para-
meters (U, Q, V, I) to describe the source polarization state, often in Ix\}ormallz;ed form

(UL Q/1, V/D These can be expressed in terms of F;as Q/I = — Z F; cos(im/2)
and U/I= Z F;sin(in/2), where N is the number of half wavelength plate

positions (four posmons in this case)'”*. The circular-polarization Stokes para-
(Fas — F_45). The benefit of the mul-
tiple angle observations is clear from these equations. Further increasing the accuracy
by observing at even more angles (for example, eight angles for linear polarization)
is difficult for sources as faint as the afterglow of GRB 121024A—it would lead to
observing times for single data points that are close to the polarization variability
timescale.

We now proceed to correct for the linear polarization induced by dust in our
own Galaxy which, along the line of sight to GRB 121024A, has E(B — V) = 0.10
(ref. 34). Using the relation Py, =< 0.09 X E(B — V) (ref. 35) this corresponds to a
maximum induced polarization of ~0.9%, which may be a noticeable fraction of the

meter V/Iis similarly computed as V /= —
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detected polarization. To correct for Galactic-dust-induced polarization, we use
the same methods as we used for GRB 091018 (ref. 17): we fit the field star Q, U dis-
tribution with a two-dimensional Gaussian function. We use three cuts on the
sources entering the distribution: we require a polarimetric error <0.9%, a polar-
ization value below 1.5% and a radial distance to the GRB position smaller than
2.5". This last cut is to counter the effects of instrumental polarization: the FORS2
instrument shows a broadly radial instrumental linear polarization pattern, with
nil polarization on-axis (where the GRB is positioned), and values increasing with
radial distance®***””. By picking this cut-off we prevent the instrumental pattern from
influencing the field objects’ Q, U centroid determination too much, while still re-
taining enough sources for a reliable fit. We note that the number of bright field point
sources within the mask is low in the case of GRB 121024A (87 data points from 9
individual stars enter the fit, considerably lower than in the case of GRB 091018;
ref. 17), resulting in a somewhat larger uncertainty in the Galactic-dust-induced Q,
Uvalue. We find a value of Qg = —0.0020, Ug, = —0.0046. We use the standard
deviation of the fitted 2D Gaussian as a measure for the uncertainty on the Galactic-
dust-induced Stokes parameters, finding o, =0.0040, gy, =0.0043. We correct
the afterglow Q, U values by subtracting the Galactic-dust-induced Q, U values. To
facilitate comparison with models, we use the Stokes parameters to express the linear
polarization in terms of the polarization degree Py;, and polarization angle 0 as

1
Pin=+/(Q*+U?)/land 0= 3 arctan(U/Q), where coordinates are chosen such

that 0 = 0° for North, 0 = 90° for East. In the conversion from Q, U'to Py, 0 we ac-
count for the effects of polarization bias*®** in the same manner as done for the data
of GRB 091018'7**, We correct the angles 0 for the FORS2 instrumental zero angle

offset””. Similarly we can compute Pe, = 1/ (V/I)*: the sign of V/I gives the polar-
ization direction (clockwise or anticlockwise). We note that both the instrument-
induced circular polarization and linear to circular polarization crosstalk are well
studied for the FORS instruments and far below our detection levels on the optical
axis (where the afterglow is positioned)****’, and as such we expect no instru-
mental contribution to the detected V/I. A small amount of instrumental circular
polarization is expected to be present for sources observed far off-axis***’, far from
the GRB position. Since there are no bright (but unsaturated) stars near the GRB
position, it is therefore not possible to use field sources as secure independent sec-
ondary standards®***”. The circular polarization induced by scattering by the dust
in our own Galaxy, with E(B — V) = 0.10 and the induced linear polarization values
as above, does not contribute significantly to the observed P, (ref. 40).

In the second night of data, the afterglow of GRB 121024A shows a low level of

linear polarization, which means that the uncertainty in the angle 0 is relatively large,
as 09 = op,, /2Piin. Nevertheless a clear difference in angle is visible with respect to
the first night of data, consistent with a 90° change in polarization angle: the angle
changes from 172° = 2° to 85° = 10° (Extended Data Table 1). The two first obser-
vations have angles somewhat discrepant from the pre-jet break average (Extended
Data Table 1). Unfortunately we were not able to acquire infrared polarimetry simul-
taneous with the R-band polarimetry for scheduling reasons—simultaneous multi-
wavelength polarimetry is the best way to directly measure polarization induced by
scattering off dust particles in the host galaxy*****. However, the measured line-of-
sight extinction and indeed the linear polarization light curve itself provide sufficient
evidence that the host galaxy-dust-induced linear polarization must be small: the
measured Ay =~ 0.22 mag gives a limit on the induced linear polarization of <0.7%
(assuming a Milky Way-like polarization curve®).
Light curves and spectral energy distribution. The Swift XRT light curve is well
described by three power-law segments, with parameters (errors at 90% confidence
level) oy =1.78F5%0, tirea1 =619 1505, 00 =0.837023, frea2 =3.47135 x 10%s
and o3 = 1.70 27 (ref. 20). The uncertainty in the late break time is relatively large,
as there are few data points post-break.

The optical afterglow of GRB 121024A was observed extensively with the seven
channel (g', 7', ', 2', ], H, Ks filters) Gamma-Ray Burst Optical and Near-Infrared
Detector (GROND*?) instrument, mounted on the ESO 2.2-m telescope at La Silla,
Chile, providing photometric monitoring simultaneous to the polarimetry (Extended
Data Table 3). These GROND observations will be described in more detail in a forth-
coming, separate publication, but below we give some properties that are required to
interpret the polarimetry. In addition to the GROND data, we observed the posi-
tion of GRB 121024A with the ACAM instrument on the William Herschel Tele-
scope (WHT) on 15 February 2013 (that is, 114.8 days after burst), with the aim of
fixing the flux contribution of the host galaxy to the late-time light curve. We acquired
14 X 180 s exposures in Sloan r filter in relatively poor seeing conditions (~1.8"). The
resulting image (Extended Data Fig. 1) shows a clear detection of a source at the
afterglow position, which we identify as the host galaxy of this GRB, confirming that
a late-time detection in GROND data in g, , i is dominated by the host. Its bright-
ness, 7’ = 24.03 = 0.20, places the host at the bright end of the host galaxy lumin-
osity distribution at this redshift*’. Taking this bright host galaxy magnitude into
account, a light-curve break at around the same time as the break in XRT data is
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apparent (Extended Data Fig. 3). We perform a joint fit to the XRT and GROND
light curves (where only XRT data after the first XRT light-curve break, #,,eq 1, are
used) to constrain the break time. We fit using a model that consists of a smoothly
broken power law, generally defined as

¢ oS ¢ ays\ —1/s
F\'(t) :Fv(tbreak) +
Tbreak Tbreak

where fy,eq is the break time, o; and a; are pre- and post-break light-curve indices,
and s is the break smoothness parameter. The pre- and post-break slopes and break
smoothness are free parameters in our fit, and the break time is fixed to be the same
for X-ray and optical/infrared wavelengths (that is, an achromatic break, and in
addition a host galaxy contribution to the optical and infrared fluxes). This results
in an acceptable fit statistic (reduced y* = 157.38/132 = 1.192), and the following
parameters (uncertainties are 10): break time tyeq 2 = 3.72 * 0.07 X 10* sand break
smoothness s = 5.01 + 0.01; pre-break light-curve decay indices oe,opt = 0.93 + 0.02,
Olprex-ray = 0.96 = 0.11; post-break light-curve decay indices tposope = 1.25 * 0.04,
OlpostX-ray = 1.67 = 0.10. We identify this late, achromatic, break tpeqi2 With a so-
called jet break. The resulting fit is shown in Extended Data Fig. 3. While in each
optical band there are only a few data points post-break, GROND observes in seven
bands simultaneously, making the break significant. The relatively shallow post-
break optical decay is probably caused by the combination of bright host and
smooth break: by the time the light curve asymptotes to its post-break index it is
dominated by host galaxy light.

The line-of-sight extinction in the host galaxy and the spectral slopes are found
by fitting an XRT +GROND spectral energy distribution (at time 11,085 s after trigger)
with a SMC-like extinction law**. The best fit, with reduced 7> = 1.04, is obtained
by a single power law (a broken power law does not result in significant fit improve-
ment) with parameter § = 0.88 = 0.01, and a optical extinction in the V band of
Ay =0.22 *0.02 mag.

The fact that X-ray and optical/infrared wavelengths have the same spectral index
and that the pre-break decay indices are (within errors) identical, suggests that X-ray
and optical are both in the same spectral regime, likely v > v.. The achromatic nature
of the light-curve break is consistent with a jet break interpretation, supporting
our interpretation of the linear polarization behaviour of this afterglow.
Circular polarization of synchrotron emission. The linear and circular polariza-
tion degrees of the optically thin synchrotron emission from the electrons with a
spectrum given by N (7,,a) = Ky, £f(a), where, is the electron Lorentz factor, o is
the electron pitch angle and K is the normalization factor, are given by'"*

_P+1
Phn_?
P 3
r<3p+8)r<3p+4>
b _ L(+p)cot04g0)p+1” " 12 12
ar=7 7 -
Ve P P+—F<3‘D+7>F(3‘D 1)
3 12 12

Here 0 is the viewing angle with respect to the magnetic field direction, I is the
mathematical Gamma function, and we have defined

1 df(a)

80)=77

f(0) do

These two equations are valid when g(0)<,.

If the electron pitch-angle distribution is isotropic, that is, g(0) = 0, then P ~ 7, 1

This simply means that the circular polarization contributions of electrons with

pitch angles 0 + o and 0 — « nearly cancel out, and the remaining P, scales with
the angular size of the beaming cone of the synchrotron emission, 7, *.

=0

The electrons with Lorentz factor y, mainly contribute to the synchrotron

emission at frequency v= , where the magnetic field strength B

Vi
2nmyc) ' 1+z
and the blast wave Lorentz factor I” can be estimated by the standard external
shock model®'. Therefore, by calculating the Lorentz factor of the electrons pro-

ducing the R-band emission, one can predict P, at the observing time as
Pd,z1074£}13{1213¥8n1/8

where eg =0.01¢g,_, is the fraction of the magnetic energy density to the internal
energy density, E = 10%°Es, (erg) is the total blast wave energy and n (cm %) is the
circumburst particle number density. This value does not strongly depend on the
model parameters, and is very low (in spite of the assumption that the magnetic
field is ordered) compared to the observed value of P, = 0.61 = 0.13%. In reality,
the magnetic field directions are largely random, as implied by the observed Py,
light curve. However, the linear and circular polarization degrees are reduced to the
same extent by the randomness of the field, so the ratio P, /Py, = 10~ *is applic-
able also for the random field case, which is clearly inconsistent with the observed
value P,/Py;, = 0.15.

Inasituation where the pitch-angle distribution is not isotropic, the circular polar-
ization contributions of electrons are not cancelled out and P, can be higher. The
observed polarization ratio P;,/Py;,, implies that g(6)/y, = 0.1 and then g(0) = 10,
which means a highly anisotropic pitch-angle distribution.

The detection of high circular polarization implies that the emitting plasma con-
sists mainly of electrons and protons, rather than electrons and positrons, because
the circular polarizations of the synchrotron emission of electrons and positrons
perfectly cancel out*. This implication is consistent with the emission model of the
forward shock propagating in the circumburst medium.
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Extended Data Figure 1 | Host galaxy and afterglow image. Left, VLT lines. Right, detection of the host galaxy in the late-time WHT ACAM r-band
FORS2 Rgpeciai-band acquisition image, with the afterglow indicated by broken  imaging.
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Extended Data Figure 2 | Polarimetry mask and afterglow brightness. the sky that falls into the open part of the rectangular mask is imaged twice, in
A small section of a single FORS2 Rypccia-band polarimetric exposure (thisis  perpendicular polarizations, the o and e beams, which is why the same objects
the —45° angle chip 1 frame of the cir4 set), illustrating the shape of the aperture  each time appear in two non-overlapping strips.

mask and brightness of the afterglow (indicated by an arrow). Each part of
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Extended Data Figure 3 | Optical and X-ray afterglow light curves. a, Swift
XRT X-ray light curve in the time span covered by GROND observations; b, the
full XRT light curve. ¢, Full GROND light curves in all seven bands (key at

top right). Overplotted in a and c is the best-fitting smoothly broken power law
(Methods), with a host galaxy contribution to the optical data. Residuals of this
fit are shown in d.
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Extended Data Figure 4 | X-ray/optical spectral energy distribution of the ~ shows the best-fitting power law without the effects of reddening and X-ray

afterglow of GRB 121024A. Shown is a spectral energy distribution using the  absorption. The horizontal error bars on the optical and X-ray data show the
seven GROND photometric bands and simultaneous Swift XRT X-ray data. filter throughput and spectral bin-size, respectively. Vertical error bars show 1

The overplotted solid line is the best-fitting absorbed power law; the dashed line  uncertainties on the fluxes.
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Extended Data Table 1 | Linear polarimetry results

Datapoint Time since tg Plin (7] Exposure time
identifier (mid; s) (%) (degrees)

linl 9698 4.09 £ 0.20 163.7 £ 2.8 4 X 3 min

lin2 10638 4.83 +0.20 160.3 +£ 2.3 4 X 3 min

lin3 14782 3.82 £ 0.20 182.7 £ 3.0 4 X 4 min

lind 16042 3.12+0.19 175.3 £ 3.5 4 X 5 min

lind 17425 3.39 £0.18 178.0+ 2.9 4 x 5 min

lin6 18841 3.49 £0.18 180.3 £ 3.0 4 X 5 min

lin7 20227 3.20 £ 0.18 174.5+ 3.3 4 X 5 min

lin8 91624 0.34 +1.09 51.9+67.5 3 X (4 x 5) min
1in9 95828 1.49+0.78 93.1 +26.6 3 x (4 x 5) min
lin10 103028 2.66 £0.60 83.0+12.6 2 x (4 x 5) min
linll 105814 0.86 £ 0.72 101.3+36.4 2 x (4 X 5) min

LETTER

The polarization angle 0 follows a standard coordinate convention: north = 0°, east = 90°. The values are corrected for Galactic-dust-induced polarization in Stokes parameter space, and polarization bias
corrections are performed. Note that for the lin8-lin11 datapoints, we combine multiple exposure sets together: the polarization is low and the source faint.
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Extended Data Table 2 | Circular polarimetry results

Datapoint  Time since tg V/I

identifier (mid; s) (x100)

cirl 11643 0.87 = 0.21
cir2 12373 0.30 = 0.21
cir3 13103 0.53 £0.22
cird 13832 0.75 £+ 0.23

Each datapoint consists of two exposures (—45° and +45° angles) of 5-min exposure time each. The
sign of V/Iis positive for all four data points (the sign distinguishes clockwise and anticlockwise circular
polarization direction),and the circular polarization P, in per cent is therefore equal to the values in the
third column. Uncertainties are 1o.
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Extended Data Table 3 | GROND optical and near-infrared photometry of the afterglow

T

7

-7

T

Time since tp (mid;s) g r % z

11085.19 20.73£0.08 19.80£0.07 19.51+£0.07 19.25+£0.07
15496.95 21.09 £ 0.05 20.21 + 0.07 19.84 4+ 0.06 19.63 £ 0.07
17006.44 21.22 + 0.05 20.31 + 0.07 19.94 £+ 0.06 19.68 & 0.07
21430.12 21.45+0.27 20.544+0.07 20.20+£0.07 19.93 +0.09
106998.09 22.79+0.24 21.994+0.10 21.70£0.12 21.48+0.14
191934.13 23.31 £0.11 22,50+ 0.09 22.134+0.10 21.864+0.13
2432398.02 24.24 + 0.08 24.20+0.09 23.80+0.14 24,16 £0.15
Time since tg (mid;s) J H Ks

11085.19 18.67 &= 0.08 18.33 £ 0.09 17.96 £ 0.11

15496.95 19.03 £+ 0.07 18.70 + 0.08 18.33 £0.10

17006.44 19.07 4 0.07 18.69 + 0.08 18.56 £ 0.10

21430.12 19.42 4+ 0.08 18.90 £ 0.10 18.86 = 0.13

106998.09 20.99 + 0.25 20.68 £ 0.30 20.29+0.3

191934.13 > 22.03 > 21.35 > 20.53

2432398.02 > 22.50 > 21.92 > 21.02

Magnitudes are as observed; uncertainties are 1¢; upper limits are 3a.
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