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A star crossing the tidal radius of a supermassive black hole will be spectacularly ripped apart with an accompanying burst
of radiation. A few tens of such tidal disruption events have now been identified in optical wavelengths, but the exact ori-
gin of the strong optical emission remains inconclusive. Here we report polarimetric observations of three tidal disruption
events. The continuum polarization appears independent of wavelength, while emission lines are partially depolarized. These
signatures are consistent with photons being scattered and polarized in an envelope of free electrons. An almost axisymmetric
photosphere viewed from different angles is in broad agreement with the data, but there is also evidence for deviations from
axial symmetry before the peak of the flare and significant time evolution at early times, compatible with the rapid formation
of an accretion disk. By combining a super-Eddington accretion model with a radiative transfer code, we simulate the polar-
ization degree as a function of disk mass and viewing angle and we show that the predicted levels are compatible with the
observations for extended reprocessing envelopes of ~1,000 gravitational radii. Spectropolarimetry therefore constitutes a
new observational test for tidal disruption event models, and opens an important new line of exploration in the study of tidal

disruption events.

tosphere geometry and shed light on the physical mecha-

nisms powering transient phenomena'™ and active galactic
nuclei (AGN)>°. Spectropolarimetry, however, is a photon-hungry
technique and requires bright targets. Our sample therefore com-
prises some of the brightest and most nearby tidal disruption
events (TDEs) observed after 2018. AT 2018dyb (also known as
ASASSN-18pg) is a well-observed, nearby (redshift z=0.018)
TDE that showed Bowen fluorescence lines in its spectrum”®. We
observed AT 2018dyb with the Very Large Telescope (VLT) on four
epochs, between —17 and 4180 days (all phases are quoted in the
rest frame and with respect to the peak’ of the light curve), includ-
ing two epochs of spectropolarimetry. Our second target was AT
2019azh, a TDE dominated by broad Balmer lines at z=0.022 (also
known as ASASSN-19dj). Our observations were conducted at +22
days when the TDE showed weak X-ray emission (Ly = 10*' ergs™).
Remarkably, the X-rays brightened by one order of magnitude 200
days later, followed by a flare in the radio’ ' Finally, we obtained
data for AT 2019dsg, a TDE possibly associated with a high-energy
neutrino” and showing narrow emission lines in its spectrum'* at
z=0.052. X-rays at a level of Ly~2.5X10*ergs™ were detected
from AT 2019dsg at early phases but faded rapidly, while the source
also showed persistent radio emission. Our VLT spectropolarimetry
at +33 days was complemented by broad-band polarimetry from

| he polarization of light can provide a direct probe of the pho-

the Nordic Optical Telescope (NOT), including both published"
and our own unpublished data. A detailed observation log summa-
rizing all data is given in Table 1 and the polarization results are
presented in Table 2.

Insights from observations

The flux and polarization spectra of the three TDEs (two epochs
for AT 2018dyb) are shown in Fig. 1, and the Stokes parameters and
polarization angle are additionally shown in Extended Data Fig. 1.
During the analysis, these spectra have been subject to two impor-
tant corrections: for the effect of interstellar polarization (ISP), i.e.,
polarization induced by dust grains along the line of sight, and
for the effect of dilution by unpolarized light from the TDE host
galaxy. TDEs are buried in the nucleus of their hosts, and to study
their intrinsic polarization the light contribution from the host
needs to be removed. This can be complicated, as the host contri-
bution evolves with time and has a strong wavelength dependence
typically increasing towards longer wavelengths (Extended Data
Fig. 2), because TDEs are typically blue and their host galaxies red.
Compared with AGNs, however, where this correction has also
posed significant challenges'®’, TDEs eventually fade away allow-
ing for a more accurate removal of the host. We have carefully
applied these nontrivial but critical corrections following the proce-
dures in the Methods section, but we also present the fully reduced
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Table 1] A log of our observations

Date (ut) Modified Julian date  Phase (d) Telescope Grism/filter® Exposure time per HWP (s) Seeing (") S/N®
AT 2018dyb

2018-07-24 58323.0 =174 VLT 300V, GG435 3x700 0.8-0.9 850
2018-09-18 58379.0 +37.6 VLT V 2x40 0.6 1,535
2018-09-29 58390.0 +48.4 VLT ¢ 300V 900 0.8-1.0 520
2018-09-30 58391.0 +49.4 VLT ¢ 300V 900 0.5 620
2019-02-10 58524.3 +180.3 VLT B,V,R 3x80,3x%x50,3x%x50 0.5-0.7 767
AT 2019azh

2019-04-08 58581.0 +22.0 VLT 300V 2x800 0.6-1.2 1,020
AT 2019dsg

2019-05-17 58620.2 +16.3 NOT ¢ 100 1.5 132
2019-05-28 58631.2 +26.7 NOT ¢ 300 - -
2019-06-02 58636.3 +31.6 VLT 300V 3x700 0.7-0.9 500
2019-06-20 58654.1 +48.5 NOT ¢ 200 0.9 194
2019-07-03 58667.1 +60.9 NOT 400 1.2 550
2019-07-13 586771 +70.4 VLT B, V,R I 225-480 0.6-0.7 575-767

2Spectropolarimetry epochs are those including grism 300V; all other epochs are broad-band polarimetry. ®The S/N for spectropolarimetry refers to 5,500 A and to a 25 A bin. <These two epochs have been
co-added to increase S/N; the resulting ratio is 820. ‘Data from ref. ™ (re-analysed). These data were obtained during twilight, are of low quality and give erroneous results; they were not used.

Table 2 | Normalized Stokes parameters and bias-corrected polarization degrees for the three TDEs in the V band

Phase (d) Fully reduced ISP + host corrected

q (%) u (%) a(V)* q (%) u (%) P, (%) o, (%)
AT 2018dyb
—17.4* —-112 (0.01) 0.24 (0.01) 0.34 (0.07) -1.59 (017) -1.35(0.14) 2.07 0.16
+37.6 —0.80 (0.05) 0.87 (0.05) 0.37 (0.07) —-1.16 (0.15) —0.41(0.09) 1.21 0.15
+49.4* —-0.62 (0.01) 0.72 (0.01) 0.50 (0.11) —-110(0.24) —0.82 (0.18) 1.34 0.22
+180.3 —0.79 (0.09) 0.68 (0.09) 0.94 (0.19) —12.00 (38.03) —7.50 (23.80) 0.00 34.63
AT 2019azh
+22.0* 0.02 (0.01) 0.45 (0.01) 0.35 (0.05) 0.03 (0.01) 0.69 (0.05) 0.68 0.05
AT 2019dsg
+16.3 2.72(0.54) —-0.39(0.53) 0.59 (0.02) 6.41(1.35) -0.71(1.30) 6.17 1.35
+31.6* —0.15 (0.01) 0.29 (0.01) 0.64 (0.02) —-0.67 (0.07) 1.08 (0.11) 1.26 0.10
+48.5 —-0.64 (0.36) 0.13(0.36) 0.70 (0.03) —2.43(1.23) 0.77 (1.21) 1.96 1.22
+60.9 0.16 (0.13) 0.00 (0.13) 0.73 (0.02) 0.26 (0.49) 0.37 (0.49) 0.00 0.49
+70.4 —0.01(0.09) 0.14 (0.09) 0.75(0.02) -0.40(0.37) 0.96 (0.39) 0.90 0.38

*Host contribution at the V band. *Epochs of spectral polarimetry; synthetic broad-band polarimetry has been computed by convolving with the filter function. Corrected for polarization bias following

refs, 3843

data before corrections in Extended Data Figs. 3 and 4. Figure 1
shows that TDEs have a polarization level that is overall constant in
regions that are continuum-dominated and free of strong emission
lines (for example, between 5,000 and 6,000 A). The measured con-
tinuum polarization levels are moderate, ranging from 0.7% in AT
2019azh to 1.5-2.1% in AT 2018dyb.

At the location of strong emission lines, including Ha and the
plethora of lines between 4,000 and 5,000 A, the spectrum is depo-
larized. The line profiles and corresponding polarization spectra are
plotted in more detail in Fig. 2 in velocity space: panels a-d show
the Ha line and panels e-h the N 111, He 11, Hf complex (Extended
Data Fig. 5 shows the same data before the ISP and host correc-
tions). Focusing on Ha, we observe that the core of the emission line

is indeed partially depolarized, but the wings of the lines (veloci-
ties ~ 20,000 kms™") show polarization peaks, especially prominent
for AT 2018dyb and AT 2019azh. The profile of AT 2019dsg is more
complex, but this event is also different spectroscopically, showing
both a broad and a narrow component that does not evolve with
time'". It is possible that the host of AT 2019dsg contains an AGN,
which can contribute to the polarization by a hidden broadlined
region, similar to what has been observed in Seyfert 2 galaxies’.
Partial depolarization also occurs in the blue part of the TDE spectra
and it is stronger in the core of He 11 than of HP. Interestingly, this is
the case for AT 2019azh even though strong He 11 does not appear
in the flux spectrum at this phase, indicating that the line might be
present but subtle radiative transfer effects could make it weak'®.
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Fig. 1| Spectral polarimetry of optical TDEs. a-d, The flux spectra (flux density F,) are shown in the top panels, while polarization degree is shown in the
bottom panels as a function of wavelength. All error bars are 1o uncertainties. The TDE names and observation phases are as follows: AT 2018dyb, —17d
(a); AT 2018dyb, +50d (b); AT 2019azh, +22d (c); AT 2019dsg, +32d (d). Prominent emission lines are labelled on the spectra and regions of telluric
absorption are indicated with grey bands. The continuum polarization appears constant with wavelength in line-free regions (for example, between 5,000
and 6,000 A). Depolarization occurs at the location of broad emission lines. All data are shown here after correcting for the ISP and for the host dilution.
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Fig. 2 | Emission line and polarization profiles. a-d, Polarization (red, right y axis) across the Ha emission line (black, left y axis), normalized to the
continuum and shown in velocity (v) space for TDE names and observation phases AT 2018dyb, —17d (a); AT 2018dyb, +50d (b); AT 2019azh, +22d (c)
and AT 2019dsg, +32d (d). Regions of telluric absorption are indicated with grey bands. e-h, Similar graphs, but centred at the He il line; e-h correspond
to the same TDEs and observation phases as a-d. Magenta and green dashed lines mark the position of N 111:and Hp. All error bars are 1o uncertainties. All
data are shown here after correcting for the ISP and for the host dilution.

Figure 3 shows the spectropolarimetric data of the three TDEs  dilution (Extended Data Fig. 6 shows the data without these cor-
on the Stokes g-u plane (where g=Q/I and u=U/I and Q, I and rections). For AT 2018dyb, evolution occurs between —17 and +50
U are Stokes parameters), after correcting for the ISP and the host  days: in the second epoch, the data cloud appears more structured
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Fig. 3 | The Stokes plane. a-d, The TDE spectropolarimetric data on the Stokes g-u plane for AT 2018dyb, —17d (a); AT 2019azh, +22d (b); AT 2018dyb,
+50d () and AT 2019dsg, +32d (d). Points are coloured according to their wavelength, as indicated in the colour scales. A linear fit to the data (dominant
axis) is shown as a thick dashed line. No reliable fit is possible for AT 2019dsg (d). Thin dashed lines mark g=0, u=0 and P=1% (dashed circle). All error
bars are 1o uncertainties. All data are shown here after correcting for the ISP and for the host dilution.

and a linear fit to the data passes close to the origin. The same can
be stated for AT 2019azh at +22 days. The data of AT 2019dsg are
of lower signal-to-noise ratio (S/N) and the host correction adds
additional noise to this dataset. Extended Data Figure 6, however,
shows that AT 2019dsg at 432 days can also be fit with an axis that
passes close to the origin, before the host correction. It is possible
to rotate the original coordinate system so that the new g, axis
becomes parallel to the best-fit axis. Similar transformations in the
q-u plane have been widely used in the past, including for super-
nova explosions', where the best-fit axis is sometimes referred to as
the dominant axis. This transformation is equivalent to decompos-
ing the polarimetry in two orthogonal components, one parallel and
one orthogonal to the dominant axis, and it has been argued that
the existence of a dominant axis is an indication of axial symmetry,
while scatter and deviations around this axis indicate departures
from an axisymmetric geometry'. The rotated Stokes planes are
shown in Extended Data Fig. 7 (no reliable fit and rotation is pos-
sible for AT 2019dsg) and the rotated Stokes parameters are plotted
against wavelength in Extended Data Fig. 1. While post-maximum
data are generally close to u,,=0, albeit with some dispersion and
moderate offsets, this is certainly not the case for the pre-maximum
data of AT 2018dyb, which show a large systematic offset from .
We therefore deduce that AT 2018dyb was far from axial symmetry
at —17 days, but settled to an almost axially symmetric geometry a
few weeks later.

More information on the time evolution can be obtained by
including broad-band polarimetry data, which are available for addi-
tional epochs (Table 2). This is done in Fig. 4 for AT 2018dyb and AT
2019dsg. We show the evolution in the V band, which covers a rela-
tively line-free region and is thus a better probe for the continuum

1196

polarization. For both TDEs, the degree of polarization decreases
with time and possibly stabilizes a couple of weeks after maximum
light. Especially for AT 2019dsg, the time evolution is rather rapid,
although this conclusion is mostly based on a single point with large
uncertainties' (see Methods for a detailed re-analysis of this data
point). We hypothesize that the time evolution and convergence
to an axisymmetric configuration is related to the formation and
circularization of the accretion disk'’. Independent evidence® also
argues for rapid disk formation in some TDEs.

The origin of polarization in optical TDEs

Our observations suggest that electron scattering is the dominant
source of polarization in TDEs. The electron-scattering opacity is
wavelength independent and can naturally explain a continuum
polarization that is constant with wavelength, as opposed to free-
free and bound-free opacities, which are wavelength dependent'®*
(Extended Data Fig. 8). Synchrotron radiation has been proposed
to be responsible for the polarization in relativistic TDEs**, which
are probably viewed through a polar jet, but its contribution to the
optical TDEs we study here is shown to be negligible (Methods).
Likewise, we demonstrate in Methods that polarization by dust
scattering is also subdominant due to the low dust-covering fac-
tor and the polarization time evolution. Furthermore, polarization
peaks at the wings of emission lines are expected if line broaden-
ing in TDEs is caused by electron scattering rather than kinemat-
ics”, and similar signatures have been attributed in this way in
supernova explosions®>*. Our data therefore directly demonstrate
that optical radiation is scattered and polarized by free electrons
in an outer reprocessing envelope. The existence of this extended
envelope of free electrons is anticipated in models associated with
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super-Eddington debris fallback and large accretion luminosity**,
while it is unclear whether such high level of ionization would be
produced when only stream self-crossings power the emissions®.
The depolarization of the cores of emission lines is a natural pre-
diction of the emission models in which X-rays produced from the
inner disk are reprocessed by a large envelope or optically thick
wind'**%, where the emission line photospheres lie outside the
optical continuum photosphere.

Models

The observed polarization properties allow us to put constraints on
the geometry of the photosphere, given a specific model. We adopted
the structure of a simulated TDE super-Eddington disk***, which
has been proposed as a unifying model for TDEs (Fig. 5a), and cal-
culated the predicted polarization level seen from this disk using the
Monte Carlo radiative transfer code POSSIS*'. We carried out a full
parametric study (Methods), and find that the observed polarization
level primarily depends on (1) the total mass included in the disk
Mg (2) the compactness of the disk and (3) the viewing angle. As the
disk mass varies in the range of 0.01-0.1 M, the disk can produce a
polarization level of ~1-6% for most viewing angles (Fig. 5¢), which
is compatible with the observed values. If we shrink the disk size by
ten times while keeping the same disk mass as shown in Fig. 5b, the
resulting compact disks are found to produce polarization mostly
below 1%, which is too low to explain the observed values from AT
2018dyb and AT 2019dsg. This depolarization effect from compact
disks is due to their higher densities and larger scattering optical
depths compared with the extended disks. As the electron-scattering
optical depth scales as 7~ pr=mgyy/r* (where p is density and r is
the radius), it would be possible to obtain the same polarization as
the extended model by additionally reducing the disk mass of the
compact model by a factor of 100 (that is, mgy,=0.001M,). It is,
however, unlikely that such a low-mass disk would be able to effi-
ciently reprocess X-rays and produce an optical/UV TDE. Therefore,
the observed high level of polarization indicates that the TDE gas
flow should have an extended configuration around the supermas-
sive black hole. For the disk structure we adopted, the size of the
scattering photosphere needs to be around 1,000 black hole gravi-
tational radii ;= GMyy/c* (where G, My, and ¢ are the gravitational
constant, the black hole mass and the speed of light, respectively),
which corresponds to 10*-10" cm for black holes of 1-10 million
solar masses. This size is consistent with the optical photospheres of
observed TDEs*>**, In addition, this model can naturally reproduce
the declining trend of polarization with time: the disk mass mgy is
expected to decrease when the debris fallback and accretion rates
drop at later times™, and this leads to a decrease in the polarization
for a given viewing angle (Extended Data Fig. 9).

Future outlook

The polarization properties of TDEs can constrain the geometry
and distribution of debris gas around supermassive black holes. Our
analysis of the polarization signals from three TDEs show that the
optical emitting region is aspherical, but it becomes consistent with
an almost axisymmetric configuration soon after the flare peak.
Excitingly, the predicted polarization signal for a super-Eddington
accretion disk model shows a clear viewing-angle dependence and
could potentially be used to constrain the inclination angle for
TDEs, especially when combined with additional observables™.
At present, the degeneracy between viewing angle and disk mass
(Fig. 5) prevents us from placing firm constraints on the view-
ing angle and independent constraints on mgyy will be required.
Radiative transfer modelling, extended to include a detailed model-
ling of line polarization and applied to alternative TDE models®****°,
combined with future multi-epoch polarimetric observations, have
the potential to greatly enhance our understanding of TDEs and
map their diversity.
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Methods

Observations and data reduction. The data have been acquired using the FOcal
Reducer/low dispersion Spectrograph 2 (FORS2)* mounted at the European
Southern Observatory's (ESO's) VLT Unit Telescope 1 (UT1) located on Cerro
Paranal in Chile and the Alhambra Faint Object Spectrograph and Camera
(ALFOSC) mounted at the 2.56-m NOT located at La Palma, Spain. FORS2 is

a dual-beam polarimeter with a Wollaston prism, which splits the incoming
beam into two beams with orthogonal directions of polarization (ordinary and
extraordinary beam), displaced by ~22". To avoid overlapping of the two beams,
a strip mask is inserted in the focal area of FORS2. ALFOSC uses a half-wave
retarder plate (HWP) in the Filter and Shutter Unit Polarizer unit and a calcite
plate mounted in the aperture wheel. No mask is used and the ordinary and
extraordinary components appear on the same frame, separated by 15”.

With FORS2 we obtained observations in both imaging-polarimetry and
spectropolarimetry modes, while with ALFOSC we obtained imaging polarimetry
only. All observations were taken with the HWP positioned at four angles of 0°,
22.5° 45° and 67.5° per sequence. Broad-band polarimetry was obtained with the
B, V, R and I filters, available in both telescopes. Spectropolarimetric observations
with FORS2 were obtained using the 300V grism (with a wavelength coverage from
~3,300 to 9,300 A) and with or without the order-separating GG435 filter. The
long-pass filter GG435 has a cut-off at ~4,350 A and is used to prevent second-order
contamination, which can be significant in the case of very blue objects’ but is in
most cases negligible. A detailed observation log is presented in Table 1.

The spectropolarimetry observations have been bias subtracted and reduced
using standard image reduction and analysis facility (IRAF) procedures™. The
ordinary and extraordinary beams of polarized spectra were extracted using the
IRAF task APEXTRACT.APALL and wavelength calibrated using He-Ne-Ar
arc lamp exposures. The typical root mean square (RMS) accuracy of the
wavelength calibration is ~0.3 A. In addition to the polarization spectra, flux
spectra were derived by summing the ordinary and extraordinary beams. The flux
was calibrated using a generic sensitivity curve derived from flux-standard-star
observations observed in the spectropolarimetry mode. The noise in the
polarization spectra has been reduced by applying a wavelet decomposition on the
individual flux spectra of the ordinary and extraordinary beams*. We compared
the denoised polarization spectra with the original and made sure that the method
does not produce any systematic errors. The broad-band polarimetry data from
the VLT and the NOT were also reduced in a standard manner** and fluxes were
measured through aperture photometry.

Linear polarization can be described by the Stokes parameters I, Q and U.

The normalized Stokes parameters g=Q/I and u= U/I and their errors were
calculated through the normalized flux differences’’. For the FORS2 data, we
corrected for the retardance chromatism of the super-achromatic HWP using the
wavelength-dependent retardance offset tabulated in the FORS2 User Manual®.
The polarization degree, P = /(g + u?), is always overestimated in the presence
of noise, creating a bias known as the polarization bias. We adopt a correction

Py = (P — 03) x h(P — op), where P, is the bias-corrected polarization, o, is the
polarization uncertainty and h is the Heaviside function®*.

Our methodology and accuracy, as well as instrument stability, were
cross-checked and verified by observations of standard stars (high polarization and
zero polarization standards) obtained with the two telescopes in 2018 and 2019.

NOT archival observations. Two NOT broad-band polarimetry epochs of AT
2019dsg were already presented in ref. '°. The authors measured a polarization level
of (9.2+2.7)% on 17 May 2019, decreasing to <2.7% on 20 June 2019, arguing for a
rapid decrease in the polarization. While we agree with the qualitative conclusions
of ref. °, by re-analysing these data we cannot reproduce their quantitative

results (Table 2). The origin of this discrepancy is not clear. The ordinary and
extraordinary beams in ALFOSC polarimetric data often have different point
spread functions and ellipticities, probably depending on the observing conditions
and the quality of the focus, that can result in erroneous polarization estimates if
different fractions of light are included in aperture photometry for the two beams,
especially at the low S/N regime. Our previous experience with the instrument
(for example, ref. **), has shown that optimum results are obtained with apertures
of 2-2.5 times the full-width at half-maximum of the ordinary beam point spread
function. The critical dataset from 17 May 2019 (S/N=131) indeed suffers from
this problem, and by varying the aperture we do see a dependence of the result

on the radius adopted. However, we do get stable results (within one o) for our
reference aperture interval; we never get values close to those of ref. 1°, but values
between 2 and 3%. Furthermore, the polarization uncertainty we obtain is around
~0.5%, in line with the expectation from the S/N ratio*'. Our NOT analysis
methods are validated on our best dataset obtained on 3 July 2019. Excellent
conditions (S/N =550 for the TDE) allow us to extract measurements for 7
additional stars in the field of view (including the one comparison star used in

ref. 1°) and obtain a statistical estimate of the Galactic ISP, which is consistent with
the one obtained with the superior VLT data (see below).

Determination and removal of the interstellar polarization. The ISP has been
estimated in different ways. Our reference method was to estimate gy, and u;g,
as the weighted average of the Stokes parameters of field stars in the immediate
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vicinity of the TDE by using the imaging linear polarimetry data obtained at the
VLT in different filters, after correcting for instrumental polarization*-*. This
method was verified by checking catalogued polarization for nearby stars in
the Heiles catalogue®, by taking into consideration the nature of the TDE host
galaxy'®” and the equivalent hydrogen column density Ny;** and by using the
polarization spectrum of the TDE itself.

A detailed discussion on the ISP derivation for each TDE is provided in the
Supplementary Information. Here we provide the resulting ISP, parametrized
in terms of a Serkowski law*** P(1)/p,,... = exp[—KIn*(4,,,,/4)], where p, ... is the
maximum polarization at wavelength A, and the parameter K can either be fit,
considered aconstant (typically K = 1.15) (ref. **), or related linearly to 4,,,,, as K=
(0.10 + 0.05) + (1.86 =+ 0.09)A,,,, (ref. *°). For AT 2018dyb we favour p,,,,=1.08%
and 4,,,,=6,388 A at an average polarization angle 47.9°. For AT 2019dsg we derive
a much lower p,,,,=0.16% at 4,,,,=3,000 A with an average polarization angle
of —23.8°. Finally, for AT 2019azh, our preferred assumption was to completely
neglect any ISP. Alternative solutions and a demonstration that the main
conclusions of the paper remain unaffected are provided in the Supplementary
Information.

Estimation of light dilution from the host galaxy. To estimate the polarization
intrinsic to the transient we need to correct for the effect of light dilution from the
host galaxy, as the integrated stellar light is not expected to be polarized. The host
galaxy contributes significantly at late times and at redder wavelengths, as TDEs are
generally blue while their hosts are typically red. By defining the host contribution
as the ratio a(1) = I, (4)/I,(4), where the total flux is I,,(4) =I,,o(4) + Lipg(A), it is
possible to show that for the Stokes parameters we have gypp(1) = g, (4)/(1 — a(4))
with a similar relation for u(4). The dilution correction therefore assumes gj,,, =0
and it has been extensively discussed in polarization studies of AGN'""".

To determine the host contribution a(1) we simply divide a spectrum of the host
with the VLT spectrum including the TDE (after proper absolute flux calibration).
In the case of AT 2019azh, we used the archival Sloan Digital Sky Survey (SDSS)
host spectrum. In the case of AT 2018dyb, we used a spectrum at +544 days
obtained after the TDE had faded™. The wavelength range of this spectrum,
however, is smaller than the VLT/FORS2 spectrum, reducing the useful wavelength
range after this correction was applied. For AT 2019dsg, we used a spectrum
obtained with the NOT at +730 days. In all cases, we have scaled the spectra with
appropriate multi-band photometry before computing the host contribution. The
resulting a(1) are shown in Extended Data Fig. 2, where it can be appreciated that
this correction is important: the host contribution ranges from 10 to 20% in the
blue and up to >70% in the red for some TDEs and phases, showing a significant
depression at the location of strong emission lines. We caution that in the case of AT
2019dsg, our host galaxy subtraction was imperfect at the region of the Ha line due
to the presence of both the narrow component and the telluric B band.

Although we have done our best to apply the ISP and host dilution corrections,
these are indeed corrections that are challenging in practice and they can alter the
shape of the TDE polarization spectrum (for instance, without the host correction
the polarization spectrum has a strong wavelength dependence). For this reason,
we also present our uncorrected data in Extended Data Figs. 3-6.

The TDE disk model. In most TDEs, we expect that the debris fallback rate
largely exceeds the Eddington accretion rate Mgyy. As a result, geometrically thick
disks can be formed due to the large radiation pressure. As analytical models
of super-Eddington disks are lacking, we adopt a TDE super-Eddington disk
simulated using the HARMRAD code™ from a previous study”. HARMRAD
is a state-of-the-art three-dimensional (3D) general relativistic radiation
magnetohydrodynamic code capturing electron scattering, Comptonization and
basic emission and absorption physics. The simulated disk has the following
parameters: black hole mass My; =5 X 10° M, black hole spin a=0.8, accretion rate
Muce & 15 Mpgg, outflow rate Mying &~ 10 Miqq, disk mass m,, % 0.2 My and the
disk-specific angular momentum consistent with that of the bound debris. The disk
is circular and aligned with the black hole spin.

The different TDE disks we use to do polarization calculations throughout
this work are all based on this reference disk model with some modifications. For
the original model, which has relatively extended disk and wind profiles (called
‘extended disk model’ hereafter), we only vary the magnitude of the density, so the
disk mass changes as m,;y xp. The disk masses used to do polarization calculations
are scaled to be 0.01-0.1 M,, as reasonable choices of TDE disk masses. The
density of an extended disk with a total disk mass of 0.1 M, is plotted in Fig. 5a.
Its electron-scattering photosphere with optical depth 7;3=1 (integrated radially
inwards from faraway) is also plotted over the density. Alternatively, we shrink
the disk size by ten times while keeping the same structure of the density (called
‘compact disk model” hereafter). Therefore, the density of a compact disk is much
higher compared with the density of an extended disk of the same mass. Since
optical depth 7expR, where R is the path length, the compact disk has a larger
optical depth than the extended disk. The density and scattering photosphere of a
compact disk with a mass of 0.1 M, are shown in Fig. 5b.

Recent numerical simulations™* universally show that super-Eddington disks
launch winds with density increasing with inclination. Therefore, an optically
thin ‘funnel’ is naturally produced in the polar region, and outside the funnel
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the optically and geometrically thick disk and wind reprocess the X-ray photons
produced in the inner disk region. This can be used to explain the origin of UV/
optical emissions observed in TDEs***. In particular, it has been shown® that for
the simulated disk we use, strong X-rays can only leak out when the observer is
looking down the funnel, while UV/optical emission dominates when the disk is
viewed at large inclination.

Polarization simulation. All the polarization modelling presented in this work
was carried out using POSSIS*, a 3D Monte Carlo radiative transfer code that
has been used in the past to predict linear polarimetry of both supernovae®-*
and kilonovae*”. The code uses input opacities to determine what fraction of the
radiation produced can escape the system and is flexible enough to accommodate
arbitrary 3D geometries. The radiation is represented by indivisible Monte Carlo
photon packets that are created with initial locations sampled throughout the
envelope according to the specific density distribution within the model. This
assumption is chosen to simulate the expected reprocessing of X-rays to optical
photons in TDEs. Monte Carlo photons are then followed as they propagate
through the expanding medium and interact with matter via electron (Thomson)
scattering, bound-bound line transitions or bound-free and free-free continuum
absorptions. We focus on the continuum polarization and neglect

bound-bound opacities.

While electron scattering is responsible for polarizing radiation, an absorption
component from bound-free and free-free transitions can depolarize the radiation
and possibly introduce a wavelength dependence in the overall polarization
signal. Since we do not see a significant wavelength dependence in the continuum
polarization of our three TDEs, we neglect absorption opacities in our modelling
and assume a pure electron-scattering case for our reference models (see the last
section for a more detailed justification on this). Assuming solar composition
(hydrogen mass fraction X=0.7) as in ref. , we set the electron-scattering
opacity to k,,=0.2x (1+X)=0.34cm?g~". When a photon packet is scattered by
an electron, it acquires linear polarization in a direction perpendicular to the
scattering plane. The linear polarization is described by the Stokes parameters I,
Qand U, which are properly updated after each interaction with an electron®*°,

In place of using the standard angular binning of the escaping photons, here we
adopt the ‘virtual-packet’ approach described in ref. *° to extract polarization levels
for different viewing angles. Synthetic observables predicted with this technique
have been shown™ to be more accurate and less affected by Monte Carlo noise, thus
reducing the computational cost of each simulation. All the simulations presented
in this work have been carried out for 11 viewing angles in the x-z plane, equally
spaced in cosine between a polar (cosd= 1, face-on) and an equatorial (cos#=0,
edge-on) orientation (Acosf=0.1). The final Stokes parameters I, Q and U for

each observer are computed by summing contributions from each photon and the
normalized q and u are calculated as g=Q/I and u= U/I. The axial symmetry of the
disk models is such that the contributions to the U Stokes parameter are cancelled
and the final u signal is consistent with zero. The polarization signal is thus carried
by g, while u is used as a proxy for the Monte Carlo noise. We note that the models
are assumed to be static and effects that could be introduced by disk rotation/winds
are not considered.

Extended Data Figure 9 shows the polarization degree g as a function of viewing
angle for the extended disk model with five different disk masses: 44 =0.01, 0.0125,
0.025, 0.05, 0.1 M, around a black hole of My, =5 X 10°M,,. In all simulations, Q=0
for a polar orientation (cosf= 1, face-on inclination) due to the axial symmetry of
the model, while non-zero polarization signals are found for different orientations.
When the inclination angle or the disk mass increases, the seed photons need to
travel through denser gas flows, accentuating the multiple electron scatterings.

This generally increases the polarization of the escaped photons. For example, for

an equatorial viewing angle (cos=0), we see a general increase in the absolute
value of polarization, for example, from ~2.5% to ~6% as the disk mass goes from
Mg =0.01 M, to mgy 2 0.05M,,. As the TDE disk mass probably correlates with the
debris fallback rate, one can expect that the disk mass decreases at late time in TDEs,
which leads to a decrease in polarization as well. This predicted trend is consistent
with the polarization evolution observed from the TDEs.

Polarization g levels are preferentially negative. This can be understood by
inspecting the density distribution for the case of my =0.1 M, shown in Fig. 5.
The simulated super-Eddington disk is characterized by high-density puffed-up
disks around the equator and winds at lower densities closer to the pole. As
aresult, photons preferably leak from the high-opacity region (disk) to the
low-opacity region (wind) due to radiation pressure. Also, photons travelling
through the lobes experience multiple scattering with electrons, effectively causing
a loss of information on directionality and thus destroying the polarization signal*.
On the contrary, photons travelling through the funnel are less affected by multiple
scattering and are scattered towards the observer with an electric field oscillating
in the horizontal direction, that is, with a negative Q. The combination of Q<0
contributions from the funnel and little polarizing contributions from the lobes
biases the overall polarization signal to negative Q values.

Alternative explanations for the optical polarization. Synchrotron. The possibility

that the optical polarization in AGNs could be due to synchrotron was initially
considered'®** but quickly rejected in the seminal paper that led to the AGN
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unification model®. As a small number of optical TDEs have been detected in
the radio® and this emission has in some cases been attributed to synchrotron
radiation"’, we provide evidence that any synchrotron contribution in the optical
would be minimal. AT 2019dsg is indeed the strongest radio emitter among
optical TDEs. Using data from ref. *, we observe that F, ,/F, ;% 0.4 at 42 days
decreasing to 0.04 at 178 days (where F, ,,, is the flux density measured in the
gband and F, 4, is the flux density measured at 15 GHz). Extrapolating the
synchrotron power-law fit to the optical range, we find that the contribution of any
synchrotron component in the optical is negligible (<0.1%). Even considering the
theoretical limiting case where this component would be very strongly polarized
(~70%), this would have no observable effect in the optical polarization. AT
2019azh has also been detected in the radio, producing even a late-time (>200
days) flare'?, but especially during our spectropolarimetric observations the radio
component is much weaker than in AT 2019dsg (F, ./ F, .4 10), pointing to
the same conclusion. AT 2018dyb, despite its proximity, was not detected in the
radio®®. We conclude that polarization due to a synchrotron component is not
important for optical TDEs.

The situation will be different for relativistic TDEs®-*, where synchrotron
might indeed be the dominant source of polarization in the optical/near-
infrared regime**.

Dust. Scattering by dust is also an important source of polarization®, as discussed
in the section investigating the ISP. Here we focus on insights from mid infrared
(MIR) observations and dust reverberation®***. Supermassive black holes in AGNs
are surrounded by a dusty torus and TDEs occurring in AGNs can produce a
strong signal in MIR when the TDE light echoes on this pre-existing dust®. The
potential existence of such a torus in quiescent galaxies is an unsolved matter.

A systematic search® with NEOWISE, the asteroid-hunting portion of the
Wide-field Infrared Survey Explorer (WISE) mission, included all optical TDEs
until 2018 and concluded that the dust-covering factor in the sub-parsec scale is
much smaller (f,~0.01) in TDEs found in quiescent galaxies than in star-forming
galaxies® and AGNs. AT 2018dyb was included in this study and was detected in
both the W1 and W2 filters around peak (the NEOWISE cadence is six months).
The authors argue that the MIR component is above the Rayleigh-Jeans tail of

the optical black-body (dust temperature (T},,) =~ 1,450 K) but they compute a
dust-covering factor of barely 0.3%, corroborating our conclusion that dust is
unlikely to contribute significantly in the polarization of AT 2018dyb. We have
constructed the NEOWISE light curves of AT 2019azh and AT 2019dsg ourselves.
AT 2019azh is very similar to AT 2018dyb, showing a weak detection (probably
due to the proximity of both events) and yielding a dust-covering factor of ~0.5%.
AT 2019dsg, found in a star-forming galaxy or possible AGN, is very different

and shows a strong and long-lasting MIR echo peaking ~170 days after the optical
maximum. Nevertheless, the dust-covering factor is ~3%, which is again rather
low. Furthermore, the fact that the optical polarization degree decreases rapidly
with time (Fig. 4) while the MIR emission increases with time (and at much longer
timescales) convincingly argues for scattering by dust not being responsible for
the optical polarization. Finally, there is the issue of the apparent wavelength
independence of the optical polarization. Polarization by dust should be
wavelength dependent, although this depends strongly on the size and distribution
of the dust grains and the observed wavelength range is rather short to exclude
different configurations, which would probably require observations in the UV,

Depolarization by bound-free and free-free transitions. We here investigate
whether our assumption to ignore an absorption component from bound-free
and free—free transitions in our reference models can be justified based on the
apparent wavelength independence of the optical polarization. If the absorption
opacity (K, =Ky + Ky Where ki is bound-free opacity and k is free-free opacity)

is comparable to that from electron scattering (x.,), it is possible that a wavelength
dependence can be introduced in the overall polarization signal. To check this, we
performed tests with three opacity models. Model 0 (ES) includes only electron
scattering in the polarization calculation. For models 1 and 2, we include not only
electron scattering but also absorption, and the absorption opacity is assumed to
increase with wavelength following the same power-law function as the free-free
absorption opacity, as illustrated in Extended Data Fig. 8a. Model 1 (ES+Abs1) has
KK <0.1 and model 2 (ES+Abs2) has i, /x,,~ 1 at 7,000 A. This is approximately
3 orders of magnitude above what was computed by ref. *, but we include this in
our investigation as a limiting case. For all three models, we run the polarization
calculations with a full set of parameters (14, =0.01,0.02,0.03,....,0.1 M, and
€080,,,=0,0.1,0.2, ..., 1.0). We then fit the polarization of the continuum part of AT
2018dyb (at —17 days) to the models; a number of fits for the 3 opacity scenarios
are shown in Extended Data Fig. 8b. The best fit is given by Model 0 (ES) with
areduced y* of y2 = 0.7 and my =0.02 M, seen ~55° from the pole. Models

1 (ES+Absl) and 2 (ES+Abs2) yield worse fits and a wavelength dependence

for Model 2, using the same parameters. It is, however, possible to obtain good

fits for alternative regions of the parameter space (disk mass and inclination
angle) that show small wavelength dependence, especially for Model 1. As the
observed wavelength region is rather short and the model parameter space is big,
we cannot exclude solutions with large k. It is, however, most likely that that
electron-scattering opacity dominates in the TDE photosphere.
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Extended Data Fig. 1| See next page for caption.

NATURE ASTRONOMY | www.nature.com/natureastronomy

AT 2019azh (+22d)

9
6.
3
60}
30}
05}

0.0
1
—05} !
1

0.5F

A
4000 5000 6000 7000 8000
Rest wavelength (R)

AT 2019dsg (+32d)

" : WWMMMWH

e, L WL L L L L
4000 5000 6000 7000 8000
Rest wavelength (A)



http://www.nature.com/natureastronomy

ARTICLES NATURE ASTRONOMY

Extended Data Fig. 1| Polarization properties as a function of wavelength. This figure is similar to Fig. 1. The different panels below the flux spectra show
the polarization angle 6, the normalized Stokes parameters g, u, and the rotated Stokes parameters (from Extended Data Figure 7). Dashed lines mark the
wavelengths of major emission lines: red for Balmer lines, blue for He Il and green for N lII. All error bars are 1o uncertainties and F, is in units of erg s~'cm~2
A-". All data is shown here after correcting for the ISP and for the host dilution.
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Extended Data Fig. 3 | Spectral polarimetry of optical TDEs without the ISP and the host corrections. This figure is similar to Fig. 1 but the data is shown
before applying the ISP and the host galaxy corrections. The polarization appears to increase towards the blue but this is primarily an effect of the host
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Extended Data Fig. 8 | The impact of a depolarising absorption opacity on the wavelength dependence of polarization. Panel a: Ratio between
absorption and electron scattering opacity, «,,/k.,, as a function of wavelength for Model 1 (ES+Abs 1, orange) and Model 2 (ES+Abs 2, green). Panel b:
Models fit to the polarization spectrum of AT2018dyb at —17 days for the pure electron-scattering Model O (ES, cyan) and Model 1 (ES+Abs 1, orange)
and Model 2 (ES+Abs 2, green) with both electron scattering and absorption opacity. See Methods for a detailed discussion. The fits are restricted to the
wavelength ranges 5000 — 6000 and 7050 — 7250 A (highlighted in black) that are free from strong line features in the flux spectrum. Deviations from
the expected constant level in the ES model are due to Monte Carlo noise in the simulations. All error bars are 16 uncertainties.

NATURE ASTRONOMY | www.nature.com/natureastronomy


http://www.nature.com/natureastronomy

NATURE ASTRONOMY ARTICLES

0 relative to pole (deg)
900 843 785 725 664 600 531 456 369 258 0.0

,0/.—.\4
0.0
-1.01
-2.0;
X 3.0
S
-4.0
- Mdisk =0.01 M@
50 T Mdjsk = (0.0125 M@
e —— Mg = 0.025 M,
- Mdisk = 0.05 M@
-6.01 - Mdisk =0.1 M@

00 01 02 03 04 05 06 07 08 09 1.0
cos 0

Extended Data Fig. 9 | Polarization predictions for the TDE disk model. The g signal is shown as a function of viewing angle 6. Different lines show
predictions for different disk masses going from myg = 0.0 to my, = 0.1M,. We observe that if my,, decreases with time (as might be expected), then the
polarization is also generally expected to decrease for a given viewing angle.
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