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1 Observations and Data Analysis

1.1 Swift Discovery and Observations

Here we provide more detail on tiSwiftdiscovery and observations of the source, Swift J164447.3451.

1.1.1 BAT Observations

The discovery of Swift J164449.3+573451 is discussed mghaction.

The Swift*! Burst Alert Telescop& (BAT, 15-150 keV) triggered on 28 March 2011 at 13:18 UT on & ne
uncatalogued source in a 1208 s Image Trigger beginnifig at 12:57:45 UT3. The source was assumed to be
a y-ray burst (GRB) and was named GRB 110328A, following stashaemenclature. However, this trigger was
followed by three additional BAT triggers at increasing obuates over the next two da¥fs(see Supplementary
Table 1), making it clear that this object was not, in fact, RB5 (Following the fourth trigger, the on-board BAT
source catalog was adjusted to prevent further triggettse) sSburce was renamed Swift J164449.3+573451, which is
now the preferred name of the soutégbased on the initial position of the X-ray counterpart. Wit nefer to Swift
J164449.3+573451 as Sw J1644+57 for the remainder of tpisrpa

Post-facto examination of pre-trigger data indicates tiabutburst was first detected by BAT on 25 March 2011
with a mean count rate (integrated over 24 hours) dd@B9+ 0.0016) counts cm? s™1 (too low to generate an on-
board trigger) and with peak BAT count rates~00.02 counts cm? s~ during the days prior to the on-board trigger.
We note that the source was outside the BAT FOV for 2.86 hoafsrb the first trigger. Between 28 March and
31 March the BAT data show multiple flares peaking at up to @®@nts cm? s~ (about 22 mCrabs). During the



Supplementary Table 1 | Swift BAT Trigger Details for Sw J1644+57.

Trigger Number  Date  Trigger Start Trigger Intensity
Time (UT)  Duration (s) (countss)
450158 28 Mar 12:57:45 1208 6.1
450161 28 Mar 13:40:41 64 194
Threshold set to 0 so BAT would trigger on Sw J1644+57 again
450257 29 Mar 18:26:25 320 15.6
450258 29 Mar 19:57:45 64 38.2

Triggers from Sw J1644+57 disabled

brightest parts of the outburst, the source had power lavigphimdices ranging from 1.3 to 1.8. The average 15-
150 keV flux in the time interval 12:57:45 UT on 28 March 20110830 UT on 30 March 2011 was abddt0+
0.2) x 102 erg cn2 s~1. The source flux then dropped dramatically, with an averagaicrate of 00020+ 0.0005
counts cm? s~1 between 2 April 2011 and 12 April 2011 (see Supplementaryreid). Sw J1644+57 was still being
detected by the BAT in one-day integrations at a flux of abauiGrabs through the beginning of June 2011.

For most of the BAT data the spectral slope cannot be detednmaking it difficult to determine an accurate flux
based on the count rates. However if we assume a spectral siepcan obtain estimates of the 15 — 150 keV flux.
Supplementary Table 2 provides flux conversions for aveBAjJe count rates at 3 epochs, for 2 observed spectral
slopes that cover the range observed during the brightessfla

Supplementary Table 2 | Flux Conversion for Observed BAT Cou nt Rates for Different Spectral Slopes

Time Period BAT countrate Photon Index Estimated Flux
(ctsstcm?)  (assumed) (ergcnfs i, 15-150 keV)
Pre-Trigger 0.0059 1.8 Bx 1010
0.0059 1.3 6l x 10710
Peak rate 0.0900 1.8 gx10°°
0.0900 1.3 Bx10°
Late time 0.0020 1.8 JIx10°10
0.0020 1.3 2 x 1010
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Supplementary Figure 1 | BAT and XRT light curves of Sw J1644+  57for the first 3 weeks. a) BAT
light curve, beginning 5 days before the first on-board BAT trigger. b) XRT light curve. XRT data begin
following the first BAT on-board trigger. Times are measured from the first BAT trigger on 28 March
2011. The count rates in both instruments track each other, with numerous flares in the first few days
after the BAT trigger. Note that Sw J1644+57 was detected by BAT ~ 3.5 days before BAT triggered and
XRT observations began. Although not shown here, Sw J1644+57 was still being detected by the BAT
through the beginning of June 2011. BAT error bars are larger pre-trigger because Sw J1644+57 was
being observed off-axis. Data gaps are caused by periods when the source was not being observed.



1.1.2 XRT Observations

Following the discovery of Sw J1644+57 by tBwift BAT instrument, the spacecraft automatically slewed tanpios
narrow field instruments towards the source. Observatid®mol1644+57 with th&wift X-ray Telescopé® (XRT,

0.3 —10 keV) began at 13:20:52 UT on 28 March 2011, 245 s dfeeBAT software found the source position. XRT
observed Sw J1644+57 daily for up to 28ks per day. The meam $jpent on-target during the first 50 days was
12.4 ks per day. Becauswiftis in a low-Earth orbit, observations are broken into smadgshots, typically 20 —
30 min long per~ 96 min Swiftorbit. This produces regularly spaced data gaps.

We report here on the first 100 days after the initial BAT trigger. For the first 14.5 délye XRT was in “Auto
State”, in which it autonomously selects the appropriateeoking mode based upon the brightness of the observed
source. As the source varied in brightness, the XRT coliedtga in a combination of Windowed Timing (WT) and
Photon Counting (PC) modes. PC mode is the standard XRT ngagode, with a time resolution of 2.5 s; if a source
is brighter than~ 0.5 XRT count s in this mode, photons pile up (saturate) and special prowgsschniques must
be used to obtain accurate fluxes and spectral fits from thgsahthe Point Spread Functidh WT mode is a fast
timing mode that collects 1-dimensional image data withmis&ime resolution. The fast readout of WT mode means
that pile-up is avoided for sources with a count rate belo®00 countss?.

The switch points for Auto State are tuned specifically forBadbservations, i.e. a fading X-ray light curve. For
much of the second and third weeks after the trigger, Sw Ji%A#as at moderate brightness (1-5 XRT count9 s
with data being collected in PC mode, and these data areedgymled-up. We changed our observing mode to WT
for data collected from 12 April 2011 until 07 May 2011, whée typical count rate had decreased enough to return
to PC mode.

X-ray spectra and light curves were produced utilising tte¢hods described by Evans et®8IAll PC mode data
were corrected for pile-up by removing events from the cdrine PSF, and utilising the wings of the PSF for both
spectral fitting and light curve generatin XRT spectra were corrected for the effects of charge traps have
developed due to radiation damage to the CCD oveBihiét mission lifetime®®,

The XRT count rate light curve for Sw J1644+57 is shown in $eimentary Figures 2 and 3. Total exposure
time for the first 50 days is.& x 10° s, with a mean duty cycle of 14.3%. The X-ray light curve is ptew, but
can be roughly described after the first week as an expotigrdizcreasing flux with an e-folding time of 27 days,
punctuated at irregular intervals by deep dips in which the drops by factors of 3 — 10. (During the first 50 days,
the light curve is also roughly consistent with&/3 power law.) However, the gradual decay can also be described
as plateaus lasting for days or weeks, punctuated by dipseparated by downward steps in flux, or at episodes of
flaring (which are more prominent when plotted in linear ea® Supplementary Figure 1). Longer-term monitoring
may help distinguish the true shape/characterizationefigint curve.

We produced light curves in two energy bands (soft and hardjder to examine spectral variations with time and
flux. During the first few weeks, we find a strong anti-coriielain WT mode data between the spectral hardness and
flux, with softer spectra as the source intensity decreases{upplementary Figure 4). There is a similar correlation
in PC mode data, but the scatter is larger and the correletiaeaker.
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Supplementary Figure 2| Swift XRT count rate light curve of Sw J1644+57, through 13 July 201 1.
Following nearly 3 days of intense flaring with peak count rates of over 80 counts s, the source decayed
for several days to a count rate of about 0.7 counts s—%, then rose to ~2—3 counts s !, where it remained
(with excursions) for over 9 days. The count rate then began a slow, roughly exponential decline with
episodes of dipping lasting 1—2 days, during which the count rate drops by a factor of 5-10 and then
recovers to the pre-dip level.
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Swift XRT count rate light curve of Sw J1644+57, through 13 July 201

Same as previous figure, but on log-log scale.
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Supplementary Figure 4 | Ratio of XRT count rates in the 0.3 -1 .3 keV and 0.3 — 10 keV bands,
plotted against the overall XRT count rate. The band ratio is strongly correlated with the overall
count rate, demonstrating that the spectrum gets progressively harder as the flux increases. There is a
discontinuity around 4 ct/s; data at higher count rates were collected during flares in the first few days of
monitoring, whilst data at lower count rates were collected after the XRT observing mode was changed
from Auto to WT 14.5 days after the first BAT trigger. The trend for harder spectra at higher count rates
is seen on both sides of this discontinuity. This figure includes only WT-mode data taken within 23 days
of the first BAT trigger. Each data point averages all WT data collected within a single Swift orbit. Only
data points with uncertainties smaller than 25% are shown.



1.1.3 UVOT Observations

The Swift UV-Optical Telescop®’ (UVOT) observed Sw J1644+57 in all optical and ultravioltefs immediately
following each of the foulSwift BAT triggers. Followup observations have been conductedyajing through the
UVOT u band and UV filters, one per day, with observations inQIVivhite band every few weeks. Observing
periods are the same as for XRT. A persistent source is @etéctthe white band at the location of Sw J1644+57
(peak significance- 50), and a marginal (8) source detection in u was obtained during the first few dégs the
BAT triggers (Supplementary Table 3).

Photometry was performed using the UVOT photometric syéterSource counts were extracted using.5'2
aperture, a 25concentric background region with other sources remowvediaa aperture correction using the curve-
of-growth model available in thBwift UVOT FTOOLs. No correction has been applied for Galactiénetion due
to the reddening of E(B-V) = 0.02 in the direction of the tieng*2. No attempt has been made to subtract the host
galaxy contribution from the individual measurements regmbin Supplementary Table 3, which provides the results
for five epochs: two epochs during the early X-ray variapiind three, successive three-week periods. Exposures are
in seconds; upper limits ares3

The UVOT white filter is a clear filter with a broad spectralpesse centred on 385 nm with FWHM = 260.0 nm,
whilst the UVOT u filter is centred on 345 nm with FWHM = 87.5 nm. M8hthe first white band measurement, taken
during the bright X-ray flares, is slightly brighter than tater ones, all five measurements are statistically cargist
with a constant source. Combining the late-time obsermatives a mean brightness of.24- 0.2 magnitudes in
the white band. The first observation is brighter than thisevavith 210 significance. The significance is too low to
claim a detection of the transient.

Supplementary Table 3 | UVOT UV & Optical Photometry
To+0—2days 3-5days 6- 26 days 27 45 days 46- 70 days
Filter Exp (s) Mag Exp (s) Mag Exp(s) Mag Exp(s) Mag Exp (s) Mag

wh 18358 23.60.2 11221 24.20.4 noobservations 30287 24.20.3 28271 24.30.3
Y 2541 >21.8 no observations

b 1493 >22.2 no observations

u 31593 23.60.4 11412 >23.3 70908 >24.0 40094 >23.8 59803 >24.2
wil 3422 >22.4 38863 >23.8 66579 >24.0 47759 >23.9 37589 >23.8
m2 3048 >22.2 no observations 84371 >24.0 28736 >23.6 49958 >23.9
w2 2320 >22.4 no observations 54222 >24.2 31016 >23.8 53197 >24.3




1.2 Ground-based Optical/NIR Observations

Sw J1644+57 has been observed by a large number of groued-batical and radio telescopes. In general, the

heavily extincted optical counterpart is not clearly degddn optical or UV bands, where the host galaxy dominates
the light, but is detected strongly in the near-infrarede@mscopic observations identified emission lines at shiéd

of 0.354%3. Here we report details of optical and NIR observations iakth by our team. These observations are

used to measure the spectral energy distribution of thecepwhich constrains models of the emission mechanisms
(S182.3).

1.2.1 R-band Observations

R-band imaging data were taken using a CCD camera on the Mtimaen®©ptical Astronomy Observatory (LOAO) 1-

m telescop&*#°in Arizona, USA, and SNUCAMS® on the Maidanak Observatory 1.5-m telescope in Uzbekidtae.
data were taken during the nights of 29 March 2011 to 8 Aprdl22a8t LOAO, and 12 April at Maidanak. A dithered
sequence of 300s — 600 s exposures were taken, resultingmin20 1 hour total integration for each night, which
gave ¥ detection limits ofR = 22.4 — 23.9 mag over a'3diameter aperture. The photometric calibration is based on
field calibration performed using four Landolt standard §ields (PG1633+099, SA110, SA107 and PG1657+078)
by the Lulin One-meter Telescope operated by National @ehtniversity. The summary of our observations and
results are in Supplementary Table 4.

Supplementary Table 4 | Log of R-band Observations of Sw J164  4+57.
Start(UT) End(UT) Time(Mid Time) (UT) Filter Exp(s) Maguitle
LOAO:
2011-03-29T10:53:45 2011-03-29T10:59:51 2011-03-2998:d8 R 30x5  22.45+0.49
2011-03-30T10:50:24 2011-03-30T11:47:47 2011-03-30019:06 R 3012 22.33+0.22
2011-04-05T11:15:26  2011-04-05T12:02:33 2011-04-0539:00 R 30x6  22.35+ 0.25
2011-04-06T11:18:05 2011-04-06T12:22:00 2011-04-0630:03 R 3012 22.20+0.31
2011-04-08T10:09:28 2011-04-08T11:29:07 2011-04-0842:07 R 3014 22.73+0.26
Maidanak Obervatory:
2011-04-12T22:49:39  2011-04-12T23:10:21 2011-04-129239 R 600<2 2249+0.12

1.2.2 NIR Observations and Data Analysis

We imaged the field of Sw J1644+57 with the Korea Astronomy @pdce science Institute (KASI) Near Infrared
Camera System (KASINIC%) on the 1.8m telescope at the Bohyunsan Optical Astronomse@atory (BOAO) in
Korea; with the NICS camefd on the Italian 3.6m Telescopio Nazionale Galileo (TNG)aled in La Palma, Canary
Islands; with the 3.8m United Kingdom Infrared Telescop&i®IT) on Mauna Kea, Hawaii; and with the 3.6m
Canada-France-Hawaii Telescope (CFHT) on Mauna Kea. MéaredJ, H and K/Ks-band observations were
carried out between 30 March 2011 and 11 June 2011. Mostsmgdte clear, with seeing in the rang&’0- 1.5".
The complete observing log is reported in Supplementar{eTab

The KASINICS images were reduced using ftémsunpackage of IRAF. For the TNG data, image reduction was
carried out using the jitter pipeline data reduction, pathe ESO-Eclipse package. The UKIRT data were reduced
at the Cambridge Astronomy Survey Unit (CASU) using theingiard WFCAM pipelinehttp://casu.ast.cam.ac.yk
The CFHT data were reduced by the standard WIRCam pipdittie {www.cfht.hawaii.edu/Instruments/Imaging/WHRQ)
and the stacking of WIRCam images was performed aitarp(http://www.astromatic.net/software/swarg-ollow-
ing initial data reduction, all of the NIR data were analyzedhe same way. Astrometry was performed using the
2MASS (http://www.ipach.caltech.edu/2masatalogue. Aperture photometry was made withghetomtool imple-
mented in the GAIA package and the DAOPHOT pacKdgand the photometric calibration to tKes band was done



Supplementary Table 5 | Near Infrared Observing Log

Time of obs (UT) T —Tp (days) Telescope Inst Filter Exp (s) Magnitude
2011-03-30.650910 2.11081 BOAO KASINICSKg 120x43 16.78+ 0.07
2011-03-31.23164  2.69558 TNG NICS K 20x3x40 16.93+ 0.04
2011-03-31.636350 3.09625 BOAO KASINICSKg 90%x 32 17.07+ 0.08
2011-03-31.67763  3.13753 BOAO KASINICSH 60x48 18.44+ 0.09
2011-04-02.13674  4.59748 TNG NICS J 60x1x40 20.10+0.12
2011-04-02.17847  4.63973 TNG NICS H 20x3x40 19.12+ 0.09
2011-04-02.22289  4.68682 TNG NICS K 20x3x40 17.77+0.10
2011-04-03.648840 6.10874 BOAO KASINICSKg 60x 64 18.09+ 0.11
2011-04-03.689630 6.14953 BOAO KASINICSH 60x 96 19.06+ 0.11
2011-04-13.12765  15.59158 TNG NICS K 20x3x20 18.24+0.14
2011-04-13.98145  16.44759 TNG NICS K 20x3x40 18.34+0.10
2011-04-21.628970 24.08887 UKIRT WFCAM K 10x144 18.243+ 0.038
2011-04-21.927812 24.40270 TNG NICS K 20x3x60 18.224+0.10
2011-04-24.654872 27.11477 BOAO KASINICSKg 90%x23 17.75+ 0.22
2011-04-26.576100 29.03600 UKIRT WFCAM K 10x144 17.984+ 0.029
2011-04-26.592014 29.05191 UKIRT WFCAM J 20x72 20.302+ 0.081
2011-04-27.527095 29.98700 UKIRT WFCAM H 10x144 19.168+ 0.101
2011-04-27.548345 30.00824 UKIRT WFCAM K 10x144 18.088+ 0.066
2011-04-28.620544 31.08044 UKIRT WFCAM H 10x72 19.234+ 0.077
2011-04-28.631273 31.09117 UKIRT WFCAM K 10x72 18.22+ 0.07
2011-04-28.734571 31.19447 BOAO KASINICSKg 90%x130 18.14+ 0.09
2011-04-29.515498 31.97539 UKIRT WFCAM K 10x72 18.095+ 0.044
2011-04-30.520787 32.98068 UKIRT WFCAM H 10x72 19.191+ 0.067
2011-04-30.531690 32.99159 UKIRT WFCAM K 10x72 18.18+ 0.05
2011-05-03.215486 35.67539 TNG NICS K 20x3x60 18.22+ 0.05
2011-05-19.364105 51.82407 CFHT WIRCam Kg 20x 96 18.306+0.054
2011-06-04.431019 67.89091 UKIRT WFCAM K 10x144 18.45+ 0.05
2011-06-07.912083 71.37198 TNG NICS K 20x3x60 18.59+ 0.09
2011-06-11.018148 74.47805 TNG NICS K 20x3x60 18.70+ 0.08
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Supplementary Figure 5 | Optical/NIR light curves in the R (m agenta), J (blue), H (green) and Ks
(red) bands of Sw J1644+57. No variability has been detected in the R band whilst in the NIR a decay
trend roughly consistent with X-ray data is visible. Error bars are 10.

against the 2MASS catalogue. In order to minimize any syateneffect, we performed differential photometry with
respect to a selection of local, isolated and unsaturafedergce stars visible in the field of view.

The Swift XRT light-curve (Supplementary Figure 2) shows strongalaifity at essentially every epoch, super-
posed on a general long-term flux decrease. A similar oveeddaviour is seen in the NIR band, although not strictly
correlated with the one seen in the X rays. The maximum NIR ifwbserved at about 2 days after the fiBstift
trigger (see Supplementary Figure 5), followed by a glohad flecrease. A rather stable phase begins after about a
week with some "flaring" activity observed at around day Zte(ahe first BAT trigger). At more than two months
after the trigger the NIR light-curve shows another rapidageimplying that the NIR emission is still dominated by
the transient and not by the host galaxy.

1.2.3 Extinction Measurement

By means of almost simultaneomns], H, K, andL observations (combining our data with those of Levan é€pin

the first days after th8wifttrigger when the transient was brighter, we can use the SERedfansient to evaluate the
presence of substantial rest-frame extinction. ModelegSED with a power-law in frequency we find that solutions
with a rather flat or even increasing spectrum are fanneﬁ/3). The required extinction, assuming a Milky Way
extinction curvé?, is in the rangeéEg_yv ~ 1 — 3, with a strong covariance with the spectral index, and issistent
with the observed near-constancy of the R-band flux. ThemHemission is dominated by the galaxy, which was
already detected before the transient ev&mwhilst the transient contribution is depressed well beflohost-galaxy
brightness by local intrinsic absorption. In order to obtaiconsistent broad-band SED, we assuifsgd, = 1.5
(Av = 4.5) in subsequent analysis (see SI82.3).
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1.3 Observations by other X-ray}-ray Observatories
1.3.1 MAXI

Following the BAT on-board trigger, tHdAXI%? team reported that the Gas Slit CanmEralso detected Sw J1644+%7
The source rises to a peak about a day after the first BAT tridg@XI continued to detect the source for the initial
bright flaring part of the outburst. TMAXI one-day-averaged light curve for the period before and Hfeefirst BAT
trigger is shown in Supplementary Figure 6.
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Supplementary Figure 6 | MAXI one-day-averaged light curve covering the  ~20 days before and
after the detection of Sw J1644+57 by BAT.
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1.3.2 Fermi

In the GeV energy range, no significgatay emission has been seen by HeemiLarge Area Telescope (LAT) from
the direction of Sw J1644+57. During the period of main aiti(28 March to 4 April 2011)ermiLAT observations
constrain the averaggray flux to < 2.7 x 10! erg cmt? s71 (100 MeV-10 GeV, 95% confidence upper limit).
During the following week, the equivalent upper limit i92 1011 erg cnt2 s~1. The LAT analysis was performed
with the “DIFFUSE” event class and the Pass 6, v3 (P6_V3_ DIEE) version of the instrument response functions.
In our analysis, we modeled the background from both thecHaldiffuse emission and the corresponding spectrum
of the isotropic emission, including residual backgrourahf cosmic rays misclassified ggrays (both available at
the FSSC web site). There are no brighiay sources in the proximity of Sw J1644+57; therefore nditawhal point
sources have been added to our background model. Uppes limeite derived by modeling a point source at the
position of Sw J1644+57, with a spectrum described by a ptavewith a fixed photon index (=2.5).

Supplementary Figure 7 shows the daily upper limits durreggeriod between 17 March 2011 and 8 April 2011,
corresponding to the X-ray outburst activities. For theydapper limits we used only the isotropic background
component, which is the only significant component over tinie scale. No significant detection or variation of the
background is observed in this time period.
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Supplementary Figure 7| Fermi 95% confidence upper limit light curve of Sw J1644+57 for the
period 17 March 2011 to 8 April 2011. The red upper limit is for the day of the first BAT trigger.
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1.4 X-ray Variability and Timing Analysis

The X-ray flux from Sw J1644+57 is highly variable on timelssas short as tens of seconds. Details of some of the
bright flares during the first few days after the first BAT teggre shown in Supplementary Figure 8, and measures
of some of the steepest flux changes are given in Supplengefabte 6. Herd; andt, are the centres of two time
bins,R; andRy are the count rates in those big ;1 andor» are the uncertainties in the count ratas, is the time
difference between the two rate measuremexandoag are the difference in count rates and the uncertainty in that
difference. The last two columns in Supplementary Tablesé thie percentage increase in count rate between the two
time bins, and the significance of the rate change.

Supplementary Table 6 | Early XRT Count Rate Variability (0. 3 — 10 keV)

Suppl. 11 Ry ORr1 o R OR?2 AT AR OAR Rate t:a)
Fig. (s) (cps) (cps) (s) (cps) (cps) (s) (cps) (cps) Increase

8a 2638.9 357 1.7 2649.7 48.9 23 108 13.2 2.9 37% 4.6
8b  48483.7 125 0.6 485122 21.8 1.0 285 9.3 1.2 4% 7.7
8c 110995.7 9.0 0.5 1110278 14.7 0.7 321 5.7 0.9 64% 6.5
8c 111420.7 8.6 0.6 1114955 253 12 748 16.7 13 194% 12.7
8c 1122144 55.0 2.7 1122498 73.0 35 354 180 4.4 33% 4.1
8d 145766.9 28.8 1.4 145834.6 48.8 23 677 200 2.7 69% 7.5
8d 145783.7 30.9 15 145834.6 48.8 23 509 179 2.7 58% 6.5
8d 145799.3 343 1.7 145834.6 48.8 23 353 145 2.8 42% 5.1

We note that the count rate changes by as much as 386)(ih as short an interval as 10.8 s, and nearly triples
(with 12.70 significance) in as short an interval as 74.8 s. Such rapidbitity places strong constraints on the size
of the emitting volume (by speed of light arguments) unléssjét structure itself causes short time-scale varigbilit
We have searched the light curve for the minimuend®ubling time, taking the conservative approach that tme ti
interval is taken from the beginning of the first time bin te #nd of the last time bin (whereas the time intervals in
Supplementary Table 6 are taken from the central pointsaf te bin). We find that a conservative limit on the 3
doubling time is 107 s, which we use in SI82.1 to derive a lionithe mass of the black hole.

We have examined the XRT data to search for periodic sighatsnight give hints on the nature of the emission.
After applying the barycentric correction to the XRT evasitd we searched for coherent or quasi-periodic signals ove
different energy ranges and time intervals by using Foueenniques. Due to the presence of strong non-Poissonian
noise, mainly introduced by the rapid variability of the sm) particular care must be taken in evaluating the stalst
significance of any candidate signal. Following the prggimms of Israel & Stell&, no significant (periodic or quasi-
periodic) signal was found. We report here upper limits om pllsed fraction, defined as semi-amplitude of the
sinusoid divided by the mean source count rate, computedhftarin the time interval from 31 March 2011 to 19 April
2011 and over the energy rang&6- 10 keV. We excluded the initial intense flares during the fewt days after the
first BAT trigger in order to mitigate low frequency noise hetpower spectrum. We executed 524,288 trials between
1x10-%and 0.2 Hz, and obtained conservative @per limits in the 1%-3% range for periods shorter than 5ehd
in the 5%-90% range for periods betweeb00 s and 1000 s. To summarize, we find no periodic signalscthad
be produced by either spin of a central object or orbitalqakyi We also find no statistically significant evidence for
guasi-period oscillations such as those seen in Galaetiaistnass black hole systems. These results are cortsisten
with our conclusion that Sw J1644+57 is produced by acaneiitio a supermassive black hole.

We also checked for the possible presence of a periodic coempan the peaks and dips of the late-time light
curve. This was performed in several different ways: by $nfitting the light curve with a sinusoidal model, by
looking for significant peaks in the de-trended power speatrand through a Rayleigh periodogram. These analyses
suggest the presence of a recurrence on time-scales of 2B0ks, though it is not statistically significant Bo).
There is some evidence of phase incoherence, and the digpisgdes sometimes disappear for one or more “cycles”.
These dips may be produced by accretion instabilities, kvivould not be periodic.
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Supplementary Figure 8 | Details of early flares, showing rap id variability. We show the XRT count
rate in four time intervals in the early flaring phase of Sw J1644+57 that demonstrate the rapid time
variability exhibited by this object. a) Time interval from 2600 — 2700 seconds after the first BAT trigger.
Count rate jumps by 37% (4.60) in 10.9 s (Supplementary Table 6). b) Time interval: 4.81 — 4.86 ks.
Count rate jumps by 74% (7.70) in less than 30 s. ¢) Time interval: 110 — 113 ks. Count rate jumps by
194% (12.70), nearly tripling in under 75 s, with two other highly significant increases in count rate in
~ 35s. d) Time interval: 139 — 147 ks. Several very steeply rising flares. e) Detail of the first flare in
interval 4. f) Detail of the last flare in interval 4.
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1.5 X-ray Spectral Analysis

Here we discuss the details of our time-resolved spectrallysis of the XRT data, including derivation of time-
dependent energy correction factors used to calculate XRTifjht curves.

The XRT data were processed with standard procedu®sP(PELINE v0.12.4), filtering and screening criteria
by usingrTooLsin the HEASOFT package (v.6.11). We used the latest version of the XRT soéwaskxrtcalcpi,
which calculates Pulse Invariant (Pl) event energies takiio account position dependent corrections for energy
losses incurred by charge traps that have developed on tBECThey are the result of several years of calibration
efforts by the XRT team to correct for the effects of radiattamage to the XRT detector after6 years in orbit.
They provide significant improvements in the spectral nigsmh and flux calibration compared with earlier versions.
We used the latest spectral redistribution matrices:

o WT mode data:

— swxwtOto2s6 20010101v013.arf
— swxwtOto2s6_20010101v013.rmf

e PC mode data:

— swxpcOtol12s6 20010101v012.arf
— swxpc0tol12s6_20010101v012.rmf

1.5.1 Simultaneous BAT+XRT Spectral Fits

The BAT and XRT spectra are consistent with each other dutiegearly flares, when the BAT data have enough
counts to obtain a useful spectrum. The results of fittingBA€+XRT spectral data simultaneously for one of the
early flares can be seen in Supplementary Figure 9. We finddh#tis time period the BAT and XRT are fit well

by well a broken power-law model. The BAT 15150 keV spectrum is a continuation of the XRT spectrum, and
there is no need for additional spectral breaks or high gnewgiponents to fit the BAT spectrum. Unfortunately it is
not possible to perform simultaneous fits at all epochs, dwetirce faintness and the limitations of the Survey data
collection mode of the BAT during regular observations. $hectral parameters appear to be strongly dependent on
the X-ray flux (see Supplementary Figures 4 — 10). Therefomrder to test whether the BAT spectra were typically
consistent with the XRT fits, we fit a broken power-law modethte XRT spectrum at various flux levels, and then
extrapolated this model to estimate the expected countsesta in the BAT energy band. We found that the BAT
count rates are highly consistent with the extrapolated Xpéctral fits, suggesting that the consistency seen in the
BAT+XRT spectral fit show in Supplementary Figure 9 is trusodbr later time data.
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1.5.2 Intensity-selected XRT Spectra

In order to study variations of X-ray spectral parametetth wource brightness, we produced XRT spectra in seven
intensity ranges for data collected from March 28 until Agr2011. Events were accumulated with count rates in the
following intervals< 0.5, 05— 1, 1— 2.5, 25— 10 counts s for the PC data, anet 11, 11— 35, > 35 counts s*
for WT data. We corrected the PC data for pile-up by determitive size of an exclusion region at the core of the
PSF necessary to get agreement between the wings of theveth$28F and the nominal P&F and excluding from
the analysis all the events that fell within that region.

The spectra were fit with several models. In all cases therptisn consisted of two components, one fixed to
the Galactic valueNy = 1.7 x 10?° cm~2), and one free at the redshift= 0.35. The following models provided
acceptable fits to the data:

1. a simple absorbed power-law modglabs*zwabs(powerlawy)

2. alog-parabola modetiabs*zwabs(power})

3. a broken power-law mode@abs*zwabs(bknpower)

4. an absorbed power-law model plus a diskblackbdolgh{s*zwabs(powerlaw-+diskbp)

The “power2” log-parabola model is defined as:
A(E) — E(*G“rﬁ*ng) (1)

The spectra are comparably well-fit well by either a log-pata, a broken power-law or power-law plus multi-
temperature thermal model. Fits to simple power laws areigdiy not quite as good, but statistically acceptable. We
observe a strong trend for softer spectra as the sourcesityt@tecreases (see Supplementary Figure 10), consistent
with the evidence for correlations between the flux and trextspl hardness discussed above. These variations of
spectral slope with intensity mean that care must be takproducing light curves in physical units; the use of single
conversion factors (which is commonly done in GRB afterglighit curves, where there is little evidence for spectral
varability with time or intensity, outside of bright X-rayafies) will produce inaccurate fluxes.
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Supplementary Figure 10 | Swift XRT intensity-resolved spectral fitting results utilising an ab-

sorbed power-law model. Flux is for the 0.3 — 10 keV band. The power law slope is strongly correlated
with the count rate, confirming the band ratio results shown in Supplementary Figure 4.
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1.5.3 XRT Spectra for SEDs

We extracted spectra for use in our SEDs from three epochesenting three intensity statégstrictly simultaneous
with the event-mode BAT spectrurii); a very low state (4.5 — 5.1 days after the triggéi);an intermediate state (6.5
— 9.4 days after the trigger). The XRT data for these stateplatted in Supplementary Figures 15 —17.

1.5.4 Time-selected XRT Spectra

Spectra were also generated from all available XRT data 46 tday 2011 (observation 50) in order to examine the
time dependence of the spectral parameters. We producettaspéth at least 3000 counts, unless strong intensity
variations were observed during the integration time irgkrin which case shorter integration times were used in
order to represent the different intensity states. Henoeesgpectra were also extracted with fewer counts than 3000.
We obtained a total of 42 PC spectra and 163 WT spectra, and theffitwith the first three models described above.
The simple power-law model is an adequate description alalte, as is the log-parabola (F-test probabilitiesd3).

We find that the column density is variable in time with no evide of increased column when the dips occur. The
results of the temporally resolved log-parabola model fissshown in Supplementary Figure 11; in particular, the
harder-when-brighter trend is also observed.
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Supplementary Figure 11 | Swift XRT time-resolved spectral fitting utilising an absorbed lo g-
parabola model. Parameters a and [ for the log-parabola model are as defined in Supplementary
Equation 1. Ny is the redshift corrected intrinsic absorption in units of 1022 cm~2, XRT flux is the ob-
served flux in units of erg cm—2 s~1(0.3—10 keV).
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1.6 Flux-calibrated X-ray Light Curves

The results of the time-resolved spectral analysis withdlgeparabola fits (Supplementary Figure 11) were used to
calculate energy conversion factors (ECFs; see Supplamygrigure 12) for conversion from the XRT count rate light
curve shown in Supplementary Figure 2 to the flux-calibréitgd curves presented in Figure 2 of the main Letter and
in Supplementary Figure 13 below. We used absorption-ctadefluxes in the 1 — 10 keV band to calculate ECFs for
each time-resolved spectrum. We then interpolated the$es ECthe time of each bin in the count rate light curve of
Supplementary Figure 2. The interpolated ECFs were migdtddby the counts in each light curve bin to obtain the
absorption-corrected flux light curve.
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Supplementary Figure 12 | Time-Dependent 1-10 keV Energy Co  nversion Factors. Energy conver-
sion factors (ECFs) derived from time-dependent spectral fits to the Swift XRT data for Sw J1644+57.
These factors were used to convert the light curve in counts per second to a light curve in flux units.

We used the 1 — 10 keV band for our flux light curves to reducéesyatic uncertainties arising from the large
absorption corrections needed to calculate source fluxeioliserved 0.3 — 1 keV band. There is still some systematic
uncertainty in the ECFs caused by uncertainties in thedipiarameters of the spectral fits. The variations in ECF in
the 25-50 day range can be taken as an indication of the msigstematic uncertainties in the fluxes, which amount
to ~ +15%. These have not been included in the flux light curvesepites here, which show only uncertainties due
to counting statistics. (We note that these systematicsiafoduce at-15% scatter in the flux light curves, but this is
small compared to the strong variability in the count rates.

The flux light curve was used to estimate the total X-ray epergput of Sw J1644+57. The total measured unab-
sorbed fluence in the 1 — 10 keV band i8 ¥ 10~° erg cn2. Correcting for the duty cycle of the observations, this
gives a total unabsorbed fluence for Sw J1644+57b&3.0~* erg cnT? in the observed 1 — 10 keV band for the first
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Supplementary Figure 13| Swift XRT flux light curve of Sw J1644+57, through 17 May 2011.

50 days after the first BAT trigger. Each flux point in the lighirve was also converted to a luminosity at the source,
and these were summed to obtain an estimate of the total Xrasgy (corrected for live-time fraction) of210°3

erg in the 1.35 — 13.5 keV rest frame energy band. Mean, mepéak and minimum flux and luminosity values for
Sw J1644+57 are given in Supplementary Table 7. For the SEassbed in SI§2.3, the X-ray band accounts for
between~ 20% (during the bright flares) and 60% (during the low state) of the bolometric luminosity (Sxe-
plementary Table 13). The total radiative energy outpubésdfore several times the values given in Supplementary
Table 7.

Supplementary Table 7 | X-ray Rest Frame Flux and Luminosity of Sw J1644+57.

Observer frame

Rest frame

Flux Level Unabsorbed Flux (1.0 —10.0 keV) Luminosity (1-353.5 keV)
Maximum 69x 10 °ergcm?st 29x108ergs?
Mean 65x 10 %ergcnm? st 27x10 ergs?
Median 20x 10 %ergcnm? st 85x10%ergs?
Minimum 6.8x 10 ergcm?st 28x10%ergs?
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1.7 Historical X-ray/y-ray Upper Limits

Here we demonstrate that this object was in a much lower fate sturing previous serendipitous observations.

We have examined archival databases from several X-ray-aag instruments that have observed the location of
Sw J1644+57, either through wide field surveying or in seigtalis pointings, to search for earlier detections of a
source from this direction at a variety of wavelengths. Ircases, we have calculated flux upper limits in the 1 — 10
keV band for direct comparison to the XRT flux light curves 8w J1644+57. This band was chosen to minimize
systematic uncertainties caused by the correction forrpbiea at energies below 1 keV. Several spectral models that
provide good fits to th&Swift XRT data were used for the extrapolations; the variationgpear limits gives some
feeling for systematic uncertainties associated with loétiNy correction and the energy extrapolation. In all cases,
the least restrictive upper limits were plotted in Figuref 2he Letter.

1.7.1 ROSAT Historical Upper Limits

Sw J1644+57 was serendipitously observed in a 6 B&SATPSPC-B observation made on 3 April 1992 covering
the energy range.D— 2.35 keV. The source is- 42 off axis and is affected by shadowing from one of the PSPC
windows support ribs, giving an effective exposure time &&. The & upper limit®® for the PSPC count rate is
8.3x 103 counts s, corresponding to an observed-10 keV flux limit of < 2.8 x 1013 erg cnmr2 s~ 1 for any of the
spectral models that fit the XRT data. We note that no sourdetected at even theSo level. This limit is more than
an order of magnitude below the faintest portion of the XRjhticurve, and nearly four orders of magnitude below
the brightest flares. Upper limits on the flux for differenéspal models for Sw J1644+57 are given in Supplementary
Table 8.

The ROSATAII-Sky Survey also covered this field with a relatively loegposure due to its high ecliptic latitude,
collecting 940 s of data between 11 July 1990 and 13 August.19Bese data provide ad3PSPC count rate upper
limit 6 of 7.3 x 1072 counts s, with a corresponding 1 — 10 keV flux limit af 2.5 x 10713 ergs cn? s71.

Supplementary Table 8| ROSAT 30 upper limits (1 — 10 keV) for Sw J1644+57 for 3 spectral models

RASS Observation 3 April 1992 Pointed Observation

Model Observed Fluk  Unabsorbed Flux  Observed Fluk Unabsorbed Fluk
Simple absorbed power law mod&l{ = 7.7 x 10?1 cm 2, = 2.8):

<241x1071% <363x10°13 <276x 10713 <4.16x 10713
Broken power law modeNy = 1.30 x 10?2 cm 2,1 = 4.98, Epreax= 1.96 keV, I, = 2.48):

<243x10°18 <575x10°13 <278x10°13 <6.59x 10713
Disk black body + power law modeNy = 1.24 x 10?22 cm™2, Ty, = 175 eVl = 2.4, RF = 2.2 x 10°):

<244x10°13 <5.48x 1013 <280x10°13 <6.28x10°13

TAll fluxes are 3 upper limits in erg cm? s~1 (1.0 — 10.0 keV in the observed frame).
*R = ratio of flux normalizations between tiéskbbandplaw models.
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1.7.2 XMM-Newton Historical Upper Limits

Although there were no pointed observations of the Sw J1644ield byXMM-Newtorprior to the outburst, between
26 August 2001 and 25 March 20KMM-Newtorslewed over this object on one occasion at 01:42:32 UT on B7 Ju
2005. The EPIC-pn instrument routinely takes data durindhslews’, with results reported on the ESAMM-
Newtonwebsite http://xmm.esac.esa.int/external/xmm_products/sgevwey/upper_limit/uls.shtil Sw J1644+57
was not detected during the 3.9 s exposure made with the mefdiar, resulting in a & upper limit of < 1.5 counts
s71(0.2 - 12 keV), calculated following the Bayesian approaicKraft, Burrows & Nousek®. Observed and unab-
sorbed 1 — 10 keV flux limits were derived for the three spéati@dels described in Supplementary Table 8 and are
given in Supplementary Table 9.

Supplementary Table 9 | XMM-Newton Slew Survey 3¢ upper limits (1 — 10 keV) for Sw J1644+57 for 3
spectral models

XMM-NewtonObservation on 27 July 2005

Model Observed Flu Unabsorbed Flu

Simple absorbed power law modé&l{= 7.7 x 10?t cm 2T = 2.8):
<51x10°12 <7.6x10°12

Broken power law modeNy = 1.30x 10?2 cm 2,1 = 4.98, Epreak= 1.96 keV, > = 2.48):
<55x 10712 <13x101!

Disk black body + power law modeNG = 1.24x 10?2 cm 2, Ty, = 175 eV.[ = 2.4 RF = 2.2 x 10P):
<55x 10712 <12x101!

TAll fluxes are 3 upper limits in erg cm? s1(1.0 — 10.0 keV in the observed frame).
*R = ratio of flux normalizations between tiéskbbandplaw models.
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1.7.3 MAXI Historical Upper Limits

To investigate whetheMAXI detected the Sw J1644+57 before the current outburst, we &aalysed historical
MAXI GSC data for the period of 17 August 2009 to 1 March 2011 (sepl8mentary Figure 14). No detection of
Sw J1644+57 is found in those data, giving a 90% confidencs lgsper limit of~ 1.1 x 10 ergecm?s1 (2 -

20 keV). In addition to this, utilising data that has had &ddal cleaning applied, but covers a narrower time period
(between 1 September 2009 and 31 March 2010), we obtain @1d@@% confidence level upper limit of2< 1012
ergcn2s 1 (4 — 10 keV). The correspondings3upper limits for the 1 — 10 keV band are given in Supplementary
Table 10.
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Supplementary Figure 14 | MAXI light curve of Sw J1644+57 for the period August 17 2009 to 1
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Supplementary Table 10 | MAXI 30 upper limits (1 — 10 keV) for Sw J1644+57 for 3 spectral models

1 September 2009 — 31 March 2010

Model Observed Fluk Unabsorbed Fluk

Simple absorbed power law mod&l{ = 7.7 x 10?1 cm™2,T = 2.8):
<1l7x101 <26x101!

Broken power law modeNy = 1.30x 10722 cm 2,1 = 4.98, Epreak= 1.96 keV,[» = 2.48):
<14x101 <34x10°1

Disk black body + power law modeNy = 1.24 x 10?2 cm™2, Ty, = 175 eVl = 2.4, RF = 2.2 x 10°):
<1l4x10 1 <32x101!

TAll fluxes are 3 upper limits in erg cm? s1(1.0 — 10.0 keV in the observed frame).
*R = ratio of flux normalizations between tiéskbbandplaw models.
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1.7.4 BAT Historical upper limits

The BAT instrument monitors about 80% of the sky daily, anel BAT data are searched daily in the 15-50 keV
band for transient events. We examined the entire BAT datii@ma 12 February 2005 to 28 March 2011, searching
for previous detections of Sw J1644+57 on three timescdlbs. source is not detected on 16-day timescales, with
a 30 upper limit of Q0011 counts cm? s 1(about 5 mCrab, 15-50 keV). On 1-day timescales, we obtairyime
detections exceedingo3on 31 March 2009, 14 September 2009, and 14 March 2011, aficatt&0036+ 0.0011
counts cm? s~1 (15-50 keV); this detection rate is consistent with the expe rate of false @ fluctuations in a
search of 1866 independent measurements, and we therefoire donsider these detections to be significant. With
the exception of these three days, the 1-dayBper limits vary depending on the total exposure of thes®mwut are
between 0010 and 015 counts cm? s~1 (15-50 keV) for 90% of the observations. On shorter timess;alve can
state that the source never exceeded thesignificance level on any timescale between 64 s and 12008 iwhas

in the BAT field of view (count rate and flux limits vary with daobservation) until it triggered the BAT in a 1200
second image trigger on 28 March 2011.

The BAT survey data have been integrated over long timevateto produce the most sensitive surveys of the sky
ever made in the 15 — 150 keV bait¥d These surveys can be used to place sensitive limits onysttate emission
from Sw J1644+57 in the BAT energy range since December 2804J1644+57 was not found in any of the BAT
survey studie®5%58down to a limiting flux of~ 10~ erg cm? s~1 (15-150 keV), about two orders of magnitude
below the average flux measured by BAT in the first 3 days alfterBAT trigger, and three orders of magnitude
lower than the peak fluxes measured by BAT during the briglfiee®s. The strongest long-term upper limit is from
the 70 month BAT Survesf, which provides a 8 flux limit in the 14-195 keV band of 8 x 102 ergcm? s 1;
this value should be used to compare to the BAT fluxes measimed the trigger. In Supplementary Table 11 we
provide 1 — 10 keV upper limits based on the 70 month BAT Sufgegirect comparison to the XRT observations of
Sw J1644+57. These upper limits are shown in Figure 2 of titeete

Supplementary Table 11 | BAT 70 Month Survey %8 3g upper limits (1 — 10 keV) for Sw J1644+57 for 3
spectral models

Model Unabsorbed Fluk

Simple absorbed power law mod&l{ = 7.7 x 10?1 cm™2,T = 2.8):
<43x10°1!

Broken power law modeNy = 1.30 x 10?2 cm 2,1 = 4.98, Epreax= 1.96 keV, I, = 2.48):
<31lx10 11

Disk black body + power law modeNy = 1.24 x 1072 cm 2, Ty, = 175 eV.l" = 2.4, N} = 1.84x 10%):
<30x10 11

TAll fluxes are & upper limits in erg cm? s1(1.0 — 10.0 keV in the observed frame).
*Ngisk = flux normalization for theliskbbmodel (fixed to the value found for the XRT fit to this model).

1.7.5 Fermi Historical Upper Limits

The analysis of the full 32-montRermi/LAT dataset does not reveal any new source within 3 degrethe @osition

of the transient. This places 95% confidence upper limits. 1108 photons cm? s~ (100 MeV-10 GeV) and
1.5 x 101° photons cm? s~ (1 GeV - 300 GeV) on any persistent prior emission. Given thgable nature of
this source, a search for emission was performed on shartest¢ales of 2 days and 5 days over Begemi mission

lifetime. No significant variation from the mean backgrolexktl is observed.

27



2 Discussion

Here we provide additional details on the theoretical jortetation of our results, expanding on the points raiseden t
main body of our Letter.

2.1 Constraints on the Mass of the Central Black Hole

This section provides additional details on our estimatéseomass of the accreting black hole.

An upper limit to the mass of the central black hole in the galahere the transient was observed can be obtained
through the black hole masshost bulge luminosity relatidi. Using the measureB andH magnitudes of the host
galaxy from published repo?$53 and from our own analysis dubble Space Telescop®FC3 observations, and
taking a luminosity distance af = 1.88 Gpc, we infer the following luminosities relative to therS logLg /Lo g) =
9.20 and logLn /Lo H) = 9.58 (theB-band luminosity includes a Galactic extinction corregtaf Ag = 0.08 mag).
These luminosity estimates lead to a black hole maddugf~ 2 x 10’ M, with a systematic uncertainty of a factor
of 2-3 resulting from the scatter in the empirical relati@ivibeen the host luminosity and black hole nfdssThis
empirical formula relates the luminosity of tlspheroidof the host galaxy (i.e, its bulge) to the black hole mass.
In the HST optical image the host galaxy is barely resolvadivaa cannot characterize the galaxy morphology. The
spectrum of the host galaxy shows the spectroscopic signatstar formatiof®, but the B-R color of the host galaxy
is 1.5, which is in the range occupied by E and SO galaxiesn(ft9 to 1.5756. This leads us to conclude that the
bulge mass is a substantial fraction of the total mass oftisé fHowever, since the magnitudes we have used refer to
the entire galaxy, not just its bulge, the above value is geufmit to the black hole mass. On the other hand, if there
is substantial evolution in the black-hole/bulge scali@lgtions at this redshift, the mass could be somewnhat higher
than our estimate suggests. In any event, the propertidsedfdst galaxy place the central black hole mass near the
low end of the 16— 10°M,, range typical of AGNs.

An independent constraint on the black hole mass can bengloktiom the minimum X-ray variability time scale,
which is observed to bAt,i, ~ 100s (3 value). This variability time scale constrains the sizeha black hole
under the assumption that the central engine dominatesatiability. (More rapid TeV variability has been observed
in some blazars, which may be attributed to additional lacakntz boost within a jet (e.g. jet in the j€%) For
a Schwarzschild black hole, the minimum variability timelscin its rest frame i&ty,, ~ rs/c ~ 100Mg s, where
Me = Mpn/10°M.,. Thus,

Atops
Mbh~7.4><106<1005> Mg . 2)
Much larger or much smaller masses are unlikely for the ¥alhg reasons. For larger masses, a variability time
scale much shorter than the above constraint has not beenveldsin the X-ray band in other systems containing
supermassive black holes (e.g. AGNs). For much smalleresdgssy. stellar-mass black holes), one would expect to
see much shorter variability time scales in the light curves

This estimate is really an upper limit, since variability thre timescale allowed by the size of the black hole is
not assured. In fact, some nearby low-luminosity GRBs witltedlar-mass central engine (e.g. GRB 060218) have
a smooth light curve without a noticeable fast variabilipmgponent. However, GRB 060218 has only one peak. It
would be contrived to have a smaller black hole smear up ellstiorter variability time scales but only keep the
> 100 s time scale. We conclude that the black hole mass i/ IMgh ~ (10° — 2 x 10")M,, (1 < Mg < 20).

2.2 Energetics and Mass Accretion Rate

Based on the X-ray light curve, we can make some estimatdsedbtal luminosity (power) of the source, its total
energy production, and the inferred mass accretion rate.

After the initial flare, the X-ray flux of Sw J1644+57 wasg ~ 10 10 erg cnt2 s~1 for many weeks. The X-ray
luminosity is

Lyiso=42x10%ergs? ( X ) , (3)

101%ergcm2s1

28



assuming the above luminosity distance and isotropic @éoms$his luminosity is well above the Eddington limit for
a 10 M, black hole [gqq= 1.3 x 10*Mg erg s with Mpp = 10°Mg M), suggesting that the emission originates
from a relativistic jet rather than an accretion disk.

The above luminosity, along with the coincidence of the éweith the centre of the host gala%; led us to
consider the onset of accretion-powered nuclear actinithé host galaxy. This could be fueled either by the tidal
disruption of a star by the central black h&ler by the supply of gas from another source.

The mass accretion rate can be estimatedlds? = L/f, wheren is the radiation efficiency, whild is the
beaming factor. This gives

y ] ~1 Fx -1
M=23x108M.s (10—10ergcm'28‘1>(m) : (4)

The total accreted mass is related to the total fluefidey

M = 0.023 M, (‘%(> (fm)~* (5)
' “\ 104 erg cnr? '
Typically, we expect) < 1 andf > 1, so thatfn ~ 1.

As of 16 May 2011, the total 1-10 keV X-ray fluence recorded byfSvas 5x 104 erg cnr? (SI§1.6). The
bolometric fluence is several times that (for our favoredaldrband spectral model, the X-ray flux varies from 50%
of the total during the bright flares te 20% of the total bolometric flux during the low flux states). iSTgives a
total accreted mass at leg$t2/(fn))Ms. We note that models of tidal disruption events suggestupab 50%
of the mass of the disrupted star might be captured by thé blake; the inferred accreted mass for Sw J1644+57 is
consistent with these predictions.

2.3 Modeling the Spectral Energy Distribution of the Emerging &t

We now address the details of our model of the Spectral En@isfyibution of Sw J1644+57. In this subsection we
summarize the data used for this effort, discuss assungptibaur modeling approach and observational constraints
imposed on the model parameters, and briefly discuss the lmggeocedure. In the following subsections we
discuss the input parameters we adopted for the SED mod#tayéd by a detailed discussion of three different SED
models. We then briefly discuss an interpretation based oagnatically-dominated jet in the context of a GRB
model (S182.8), and show that this model comes to the same t@sclusions as our preferred blazar model.

2.3.1 Available Data

Here we summarize the data available to us for SED modeling:

Radio Observations The 8.4 GHz flux density was observed on 1 Afftil The 13.5 GHz, 15 GHz and 100 GHz
(3 mm) fluxes were also reported in GCN Circulré>"3 Although important, these data will not be used to
for the modeling of the X-ray and IR emitting region, since tadio emission must come from a larger region,
not to be self-absorbed. Additional radio observationstaed interpretation are treated by Zauderer ef®al.

IR and Optical Observations +n SI§1.2 we present our optical and near-infrared obsenst Of these data, we
have selected for the modeling those corresponding to thie giethe X-rayy-ray light curve (approximately 2
days after trigger), at the first minimum of the X-ray lightee (~4.5 days), and at an intermediate state about
a week after the trigger. The large column density derivedhfthe X-ray fitting, of the order dfly ~ 10?2
cm~2, suggests a large value of the extinction, even if the dugasoratio is not known. We de-redden our data
with a rest framedy = 4.5, as discussed in the SI81.2.

X-Ray Observations We have chosen to show the spectra for the peak (31 hours figget), including BAT data;
for the minimum after 4.5 days; and for the intermediate it flux state that began a few days after the first
BAT trigger.
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y-ray Observations “We use the upper limit in theerm/LAT band reported in the SI§1.3.2.

TeV Observations The VERITASCollaboration set upper limits on VHE emission during theyedlaring” period
29 — 31 March and the later “quiescent” period, 1 — 15 AprilThe two upper limits are reported in the SED
shown in Supplementary Figure 15 — 17.

2.3.2 Assumptions and Observational Constraints on the Mode

We assume that the spectrum is produced by the synchrotinaarse Compton (IC) mechanisms. In general,
the seed photons for the inverse Compton process can begediy the synchrotron process itself (Synchrotron
Self-Compton, SSC) or can be produced outside the jet (Ext€ompton, EC). A new-born blazar (if that is what

Sw J1644+57 is) has had no time to build up a broad line redien o populate the surroundings of the jet with

external photons), but some contribution to the EC procasscome from photons produced in the accretion disk.
The following is a summary of information we have used to gultk development of the model:

e The variability timescaleit, = Atops~ 100 s, places a limit on the size of the X-ray emitting region.

e The isotropic luminosity qps at the peak of the flare Isps= 1048L3yn48 erg s'1; there is variability by a factor
> 100.

e We have some hints on the peak energy, skereni/LAT and VERITASid not detect the source.

e The slope of the line connecting the NIR to the X-rays is hpadsibly as hard as!/2 (the exact slope depends
on the amount of extinction assumed).

e This is the first time we have ever observed a flare of this kimetefore the phenomenon is relatively rare.

e The upper limit on the black hole mass derived abovessl®’ M., and a mass compatible with the observed
variability is ~ 7 x 10° M.

For blazar jets, one can find a unique solution for modeliregrthpectral energy distribution (SED) when the
emission is SSC, and when we know the peak frequencies of/tlultron and Compton spectra, the slopes before
and after the peaks, the peak flux levels, and the varialtilitgscale. Here we do not know anything about the
Compton component, and we can only guess the peak frequandyfl(x) of the synchrotron component. Therefore
we need additional assumptions in order to find a reasonable fi

One possibility is to assume that) (he source is magnetically dominated (note that thiithe case for blazars,
whose jet powers are dominated by the kinetic energy of@esd, and i) the self Compton flux must be absorbed
by they—y — e* process. The first assumption comes from the very hard dptic&ray spectrum, requiring a low
energy cut-off in the particle distribution, and thus iradies a particle-starved jet, whilst the second requirec@nes
from theFermiandVERITASupper limits.

An alternative would be to tie the NIR and radio data togetisea single syncrotron component, with the X-rays
as inverse Comptdft:’6. This interpretation requires that the extinction be mumhedr thanAy = 4.5, so that the
extinction correction is small and the slope of the optiHK SED at the source is negative. This does not agree
with our best-fit determination of the extinction and seemsanflict with the X-ray absorption column density. It
also requires that the NIR-to-X-ray slope coincidentallynics a synchrotron spectrum. We think this is an unlikely
coincidence, but we discuss it further below.

The size -We assume for simplicity a spherical source of radugt some distance from the black hole. We define
2 =1/ (1—Bcosyy)] as the Doppler factor, wherp, is the viewing angle. Note that for blazars one assumes
a mono-directional velocity (unlike in GRBs). The size isistrained by:

9
< -
R< CAtobsl+ 7 (6)
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Magnetic field —We assume that the bulk of the luminosity is produced by syototn radiation. We further assume
that the jet is magnetically dominated. This is because ®fvtry hard slope between the optical and the X-
rays, implying that there are no low energy electrons in thece. If there were, then they would severely
overproduce the optical flux. One possibility is that theettens are continuously reaccelerated/heated, in such
a way that there are no electrons below, say,10? — 10%. So we need a “thermal bath", but with relatively few
electrons inside. Otherwise the mean energy of the pastwikbe small. As a consequence, the jet is particle-
starved, and the jet power must be carried by the magnetit fidie jet is however capable of producing a lot
of radiation: the isotropic luminosity we seelig,s~ 10*8 erg s°1, but this is beamed. The real power spent by
the jet to produce gpsis

p ~ S )

up to a factor of order unit/. If the jet is particle-starved, this power must be given gy Poynting flux, and
therefore we require:

B2 L
o Rz 2.0 obs
b= mRT g > T2 (8)
Together with Supplementary Equation 6 this gives the limit
142 [ Lops) Y2
B> —— [ =% 9
~ T20tps <8c3) ©

Pair production — Since we are dealing with a compact source, with a large pexigynchrotron luminosity, it is
conceivable that the self-Compton emission would be relevBut the upper limits byrermitell us that the
observed/-ray flux is much less than the synchrotron flux. One way to actfor that is pair opacity. We may
therefore require that the optical depth for pair productfolarger than unity:

oT U/l

whereU/is the comoving synchrotron self-Compton radiation eneigysity, andJ.s,/meC? is (very approx-
imately!) the number density of photons at threshold, wiwge~ o1 /5. We then have:

or L/ssc R — ot L/ssc (Lsyn/ 9 4) _or L/ssc LSyn(l + Z) 1 11
5 amReeme? . 20mLL, RmG 207 Ll 75chtopdeC® (11)
CImeC T syn ng T syn obdTe

Distance from the black hole # we assume a conical jet of semi-aperture arjle 0.16_; we have

d~ R 0_1(1+2)

12)

Since we continue not to detect the sourcesArays, whilst the X-rays vary widely, it is likely that we are
observing some sort of a standing shock, or (magneticalyidated) internal shocks. The emission cannot be
due to a single traveling blob. A single blob would travelidhp expand, and die in a short time.

Some numbers From Supplementary Equation 11 we can set a limit on the Dawattor,7:

1/5
Lsynas L/ssc
2 < 114 —= 13

(AtObSZ Llsyn ( )

whereAtyns = 102Atob52 S. Using this limit in Supplementary Equation 9, we derivewadr limit onB:

r 3 L/ 3/5
B> 620% (Lfy”> Gauss (14)
Lsyn48Atob32 Ssc
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The size should be:
R < 2.5x 108432, L12 o cm (15)

The distance from the black hole, in units of the Schwarzdchdius is

4/5 | 1/5
d Atgpso Lsscas
— < 833——"F"72— 16
Rs = 0-1Ms (16)

2.3.3 Modeling Procedure and Related Considerations

We use the blazar model described in detail in GhiselliniléfaVe assume a spherical emitting region of size
moving with a bulk Lorentz factoF and located at a distanakfrom the black hole of maskl. The bolometric
luminosity of the accretion disk isgjsk.

The particle energy distributiomN(y) cm~3, is calculated by solving the continuity equation, wheretipk in-
jection, radiative cooling and pair production (via tirey — e* process) are taken into account. The created pairs
contribute to the emission. The injection functi@(y) cm 2 s1, is assumed to be a smoothly joined broken power-
law, with slope€Q(y) O y = andy % below and above a break energy

(v/ )™ 17)

Q(V) = Qo W

In the specific application here, we assumed that electrelmsvta giveny, simply disappear.

The total power injected into the source in the form of relatic electrons isP = mec?V [ Q(y)ydy, where
V = (411/3)R is the volume of the emitting region.

The injection process lasts for a light crossing tiRé&e, and we calculatéN(y) at this time. This assumption
comes from the fact that even if injection lasted longerahditic losses caused by the expansion of the source (which
is travelling while emitting) and the corresponding deseeaf the magnetic field would make the observed flux
decrease. Therefore the computed spectra correspondrattimmum of a flaring episode.

Above and below the inner parts of the accretion disk theamiX-ray emitting corona of luminosityx (it is
fixed at a level of 30% of ). Its spectrum is a power law of energy index ending with a exponential cutoff at
E;. =150 keV. The specific energy density (i.e., as a function eddiency) of the disk and the corona are calculated
in the comoving frame of the emitting blob, and used to priypeaculate the resulting external inverse Compton
spectrum. The internally produced synchrotron emissiamsed to calculate the synchrotron self Compton (SSC)
flux. In this specific case we assume no Broad Line Region; igleahd the coronal radiation are negligible if the
emitting region is at a large distance from the disk, but thegome important producers of seed photons if the distance
d of the emitting blob from the disk is of the same order of (@sléhan) the outer radius of the disk.

2.4 SED Modeling Input Parameters

Here we list model parameters used to produce the three sxdidelussed in Supplementary Information §82.5, 2.6,
and 2.7. Supplementary Table 12 lists three sets of inpatnpeaters adopted to generate these three different models:

e Model 1: a magnetically-dominated jet produced by & W0, black hole with a constant luminosity accretion
disk (our preferred model, discussed in SI§2.5),

e Model 2: a magnetically-dominated jet produced by 4 ¥Q, black hole in which the jet luminosity tracks the
accretion rate (discussed in SI82.6), and

e Model 3: a particle-dominated jet produced by & M., black hole (SI§2.7).

In Supplementary Figures 15 — 17 we show the models resuting these input parameters.
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Supplementary Table 12 | Input parameters used to model the S ED. Col. [1]: Flux state: High (early flares),
Low (low flux period between 4 and 9 days after the first BAT trigger), and Large (large radius emission region
responsible for producing the observed radio flux); Col. [2]: size of the emitting region, in units of 10'°> cm; Col.
[3]: black hole mass in solar masses; Col. [4]: Disk luminosity in units of 10*® erg s ; Col. [5]: Lg/Lgqq; Col.
[6]: power injected in the blob calculated in the comoving frame, in units of 10% erg s~!; Col. [7]: magnetic
field in Gauss; Col. [8]: bulk Lorentz factor; Col. [9]: viewing angle in degrees; Col. [10]: Doppler factor; Col.
[11], [12] and [13]: minimum, break and maximum random Lorentz factors of the injected electrons; Col. [14]
and [15]: slopes of the injected electron distribution [Q(y)] below and above y,; Col. [16] At, = R(1+2)/(c2).
The disk has an X-ray corona of luminosity Lx = 0.3Lq. The spectral shape of the corona is assumed to be
u v*lexp(—hv/150 keV) for the models in Supplementary Figure 15 and Supplementary Figure 17, whilst it is
0 v~=%7exp(—hv/150 keV) in Supplementary Figure 16.

Flux State R M Ly La/LEdd 4 B r oy 9 Y Yo Ymax S S Aty

(1] [2] Bl M [5] (6] (71 B [9 [101 [11] [12] [13] [14] [15] [16]
Model 1: Supplementary Figure 15, SI82.5

High 0.03 le6 0.13 1 0.15 3642 10 3 15.7 700 7e3 1le5 0. 2.2 86s
Low 0.03 le6 0.13 1 12e-2 3642 10 3 157 600 800 900 0 4.2 86s
Large 27 le6 0.13 1 le-6 21 19 2 263 40 200 400 25 35 128h
Model 2: Supplementary Figure 16, SI§2.6

High 0.048 1e7 45 30 0.048 6014 12 2 20.4 500 9e3 4e4 0 2.4 106 s
Low 0.048 1le7 0.6 0.4 2.7e-3 694 12 2 204 1e3 le3 2.5e3 0 2.8 s 106
Large 18 le7 1.3 1 2e-6 2.1 17 2 25.1 10 100 300 0 2.0 89h
Model 3: Supplementary Figure 17, SI§2.7

High 0.036 1e7 1.3 1 0.18 60 13 2 21.5 1 60 80 2.5 3 75s
Low 0.036 1e7 1.3 1 0.06 60 5 2 9.6 1 1 100 8 8 210s
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Supplementary Table 13 | Jet power in the form of radiation, P oynting flux, bulk motion of electrons and
protons (assuming one proton per emitting electron) . See Supplementary Table 12 for explanation of the flux
states.

Flux State lo@® loghs logP: logP, Los-10/Ltot Lis-150/Ltot
Model 1: Supplementary Figure 15, SI§82.5

High 46.12 45.65 41.07 41.05 0.216 0.318
Low 4433 4565 40.13 40.55 0.630 1.20e-6
Large 40.82 45.65 41.02 42.43 - -
Model 2: Supplementary Figure 16, S182.6

High 45.78 46.65 40.24 40.34 0.218 0.354
Low 44.03 44.78 40.77 40.95 0.512 8.5e-7
Large 41.30 45.17 4131 4271 - -
Model 3: Supplementary Figure 17, SI§2.7

High 46.14 4247 4471 47.74 0.098 0.175
Low 44,17 41.64 43.98 47.19 0.695 0.038

Supplementary Table 13 lists the power carried by the jeténform of radiation ), magnetic field Bg), emit-
ting electrons R, no cold electron component is assumed) and cold prof@nsagsuming one proton per emitting
electron). All the powers are calculated as

R = nR’r?Bcl; (18)

whereU/ is the energy density of thecomponent, as measured in the comoving frame. We note theviob
regarding Supplementary Table 13:

e The power carried in the form of radiatioR, = R?I2BcU/,,, can be rewritten, using/,q = L'/(4nR%c), as:

r2 r2 1
= l— = —_— Y —_—
=t =t ~ i 4o

wherelL is the total observed non-thermal luminosity (s in the comoving frame) and/, is the radiation
energy density produced by the jet (i.e. excluding the edlecomponents). The last equality assunjes-

1r.
e When calculating?: (the jet power in bulk motion of emitting electrons) we imdutheir average energy, i.e.
UL = ne(y)mec?.

e For B, (the jet power in bulk motion of cold protons) we have assurthed there is one proton per emitting
electron, i.e. electron-positron pairs are negligibleist® unimportant for the models shown in Supplementary
Figure 15 and 16, since in these cases the mean energy oétlimek is comparable to the rest mass of protons
({y)me = my). However, for the model shown in Supplementary FigureP} 7s the dominant form of power.

e P is derived using the magnetic field found from the model fittin

In summary, we have studied the extreme cases of a jet wheser ilargely dominated by the magnetic field
(Models 1,2; Supplementary Figures 15 and 16) or by the iiretergy of the matter (Model 3; Supplementary
Figure 17).

2.5 SED Model 1: A magnetic field-dominated jet from al®® M, black hole

Since the accretion can be super-Eddington, the densityechtcreting matter is large and can sustain a very large
B-field, which launches the jet. In the dissipation regioe,Bkield is still large, possibly because it has not completed
the acceleration of the matter. Dissipation can occur agxipense of the magnetic field, through reconnection.
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Rationale — The photons we observe in the K band started in the H band imahsient rest frame, and we have
Ay ~ 0.175Ay. Therefore, even if théy is underestimated, the point in K would not move much. Thaswh3
slope between the IR and the X-rays is solid. Th§® slope can be a coincidence, or it can indicate the preserge of
synchrotron tail produced by an electron distribution veittow energy cut-off.

We first consider the scenario in whibHR and X-ray are produced by the same synchrotron emission@m-
ponent. In this case, we have: i) a very large synchrotron luminasaitgt ii) electrons that cannot cool below a given
energy, even though the variability indicates a compactcwhere the cooling is very rapid (i.e. much much less
than the light crossing timR/c). Since all the emitting electrons have large energies,auweod need many of them to
produce the radiation we see. This means that the sourcaiiclp starved”. A corollary: since the electrons could
have(y) > 10%, it is not important whether or not we have a proton per engtélectron.

Consider also that the jet must have more power than thetiadiaproduces. We have that:

e The emitting electrons and their associated protons doaroy enuch kinetic power
¢ We need something to keep the electrons hot (i.e. they camobbelow — say v = 10°).

e The synchrotron luminosity is large (if the X-rays are synotfon)

These conditions lead us to prefer a Poynting-dominatethgetause reconnection can keep the electrons hot and
all the emission can be done with few particles.

Some numbers (synchrotron case) —Assume that the X-rays are produced by a particle distobuti(y) Oy P
betweeny; andy,. Assume also thate = [ N(y)dy. With this distribution we can calculatg) and(y?). In particular
the Comptonization parametgis

y = orneR(Y?) (20)
The rest frame synchrotron frequency corresponding te

4

3 2nme T V¥?BZ = 3.6 x 10°2BZ (21)

V1=

The energy density of the synchrotron radiation can be evrias:

Loyn  47R® [ N(y)Yeynmec®dy

’
Usyn =

AnR2c 3 AnR2c
AR® A ngorc(y?)Ug 4 4
33 e~ oReoT{VIUs =gyl (22)

wherey is the Comptonization parameter. Therefore we can write:

L§§’,§ 4 Us — U 7%25'? 23
amrec7® ~ 978 7 VBT TengdyRec (23)
The particle energy density is
ymec® (v,
UsL = Ne(y)mec® = R <y2>> (24)
Therefore (settindR = cAty 2):
Us __ 9gn () or (25)
Ui 16my2c2At, 2° (y) mec?
For 2< p < 3, the ratio
@ p-2y " (26)
3PP
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For p = 2.5 this simplifies ta(y?)/(y) = (yay1)Y/2.

SettingAt, = 10°At, 2, 2 = 1021, ngg 10*8L4g, and settingp = 2.5 we have

1/2
Us _ 161 Lis  (n1ye) (27)
Ué Atv,2915 y2
As an estimate fofy1y»)/?, we have
1/4 A2 )1 191 1/4
(iye) /2 = 7.46x 10° ("1’17"2;9) _ 26x 100, [ vV (28)
UBQJ_ Lag
Giving
Ys 4o 10t L3s (viarvaie)™ 29)
;o A28 y7/4
The magnetic field is
9L0bs 1/2 1/2
B— syn _ 4x 10° (Lag Gauss (30)
2y28c3At2 D3ty \ Y

and the minimum electron energyis

v 1/2 v 1/2 @ (i 1/2
n= <3.6><106B@) - <3.6><1068@) =167x1 < 3@1> (31)

The jet power in Poynting flux is

9 r2 |_Obs |—2 LObS
Ps = nR2IMcUg = 1657 ;y” =56x 1045@4 (32)
The power spent in the form of radiation is
r2 r2
= R %cy) = 150 L3S =25x 1o45 LLge (33)

1

SincePet ~ Pz must be larger or equal 1, the Comptonization parametgcannot be too large.

We consider two variations of model parameters within tlasib magnetically-dominated model. Both rely on
the SSC process (the magnetic energy density dominateshmveadiation energy density of external seed photons;
see Table 13), but adopt different black hole masse$§: M and 16 M., respectively. In Model 1, shown in
Supplementary Figures 15, the disk luminosity is kept cmtsat the Eddington value, even if the jet luminosity and
its power change. As can be seen, the disk luminosity camyoawatribute to the soft X-ray flux.

The dotted orange line in both models shows the flux emittexh fa much larger region of the jet that produces
the radio flux (generated in an external shock with the sundng medium).
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Supplementary Figure 15 | Spectral Energy Distribution for Sw J1644+57. The green data points show the
SED from the early bright flaring phase; cyan data points are from the low state at ~ 4.5 days; black data points
are from roughly 8 days after the first BAT trigger. In the NIR, this includes a Ks band point 48 hours after the
trigger (green); and J, H, and Ks band fluxes 4.5 days after trigger (cyan). The NIR flux has been dereddened
with Ay = 4.5. In the X-ray band we show the spectrum at the peak of the bright flares (31 hours after first
BAT trigger; XRT and BAT; green) and in the low flux state (~ 4.5 days after, XRT only; cyan), together with the
spectrum in the intermediate persistent flux state that began a week after the first BAT trigger (time integrated
between day 6.5 and 9.5 from trigger, XRT only; black). The X-ray data have been corrected for absorption
with a constant Ny = 2 x 10?2 cm~2. Upper limits from the Fermi LAT at 2 x 107 Hz and from VERITASat
1078 Hz"® are also shown. The red curve shows the model discussed in the text, which is a blazar jet model "
fit to our SED during the bright, early X-ray flares. The dominant emission mechanism is synchrotron radiation
peaking in the X-ray band. On the low frequency side, the hard slope between the NIR and X-ray bands requires
suppression of low-energy electrons, which would otherwise overproduce the NIR flux. On the high frequency
side, the LAT and VERITASupper limits require that the self-Compton component is suppressed by y-y pair
production, without which the model would follow the dashed curve and would significantly overproduce the GeV
and TeV emission. The model includes a disk/corona component from the accretion disk (black dotted curve),
but the flux is dominated at all frequencies by the synchrotron component from the jet. The blue curve shows
the corresponding model in the low X-ray flux state. The model was fit to the NIR and X-ray data, and fits
the low energy X-ray data well. The kink in the X-ray spectrum suggests a possible additional component may
be required; it would have to be very narrow, and its origin is unclear. In the low state the Inverse Compton
component is below the LAT and Fermit upper limits without the need for further suppression at high energies.
The black data points show the X-ray spectrum at an intermediate flux state, for comparison with the high and
low flux state SEDs. We have not attempted to fit the SED at this epoch. The radio fluxes come from a larger
region of the jet (orange dotted line). See Supplementary Tables 12 and 13 for the model parameters of this fit.

37



2.6 SED Model 2: A magnetically-dominated jet from a10’ M, black hole

The SED produced by Model 2 is shown in Figure 16. Model 2 iy \w@milar to the Model 1, but explores a
different set of input parameters. Both models rely on th€ &cess (the magnetic energy density dominates over
the radiation energy density of external seed photons)athapt different black hole masses:%1., and 16 M.,
respectively.

Here we have increased the black hole mass fiya= 1 (Model 1) toMg = 10 (Model 2). For Model 2 we have
assumed that the jet luminosity tracks a rapidly varyingeto@n luminosity. In this case, we have assumed a super-
Eddington luminosity for the high state, and nearly Eddamgfor the low state. As can be seen, the disk luminosity
can barely contribute to the soft X-ray flux.

Like Model 1, this model is also dominated by the energy ofrttagnetic field (see Table 13).

The dotted orange line in both models shows the flux emittaah fa much larger region of the jet, producing the
radio flux.
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Supplementary Figure 16 | Data as in Supplementary Figure 15 . Here the model is similar to that shown in

Supplementary Figure 15, but the black hole mass is larger (Mpn = 10’ M.,), and the jet luminosity is assumed
to approximately track a changing disk luminosity, from 30 x Eddington in the high state to 0.6 x Eddington in the
low state (dotted lines). The basic features of the jet are similar to the previous case, but the Poynting flux is not
constant, instead it tracks M.
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2.7 SED Model 3: A matter-dominated jet

The alternative to the assumption that the NIR and X-ray @itare produced in the same emission region is to
argue that thev'/3 slope between the NIR to X-ray bands is a coincidence, antjuh®” between these bands is
due to a very, very largd/,;/Us, similar to an extremely powerful blazar (but in this cases inore extreme — note
that in the model of Bloom et &, which takes this approach, they fit thev X-ray state, whereas we are fitting
the high X-ray state, a factor o 100 more luminous). This matter-dominated jet can alsoodymre the observed
SED (Supplementary Figure 17), but only under rather exé¢reamditions. For this model we assume that even if, at
the start, the jet is dominated by the magnetic field, neetetis the Poynting flux is able to accelerate the jet to its
final bulk Lorentz factor]", before the dissipation region. The jet then becomes ddednay the kinetic energy of
matter (Supplementary Table 13); therefore dissipaticat the expense of the latter, as in all other blazars. In this
case the IR is synchrotron, and the X-rays are external Gam{gtnce it is very difficult to produce such a jump with
the SSC model). A source of external photons is required tlamdnost obvious source of these seed photons is the
accretion disk. This model requires an accretion disk withoater radius of> 300 Schwarzschild radii, since the
upscattered photons must enter the jet with a substantigé &morder for the Compton scattering to be efficient (the
accretion disk radius is 50Rs for the model shown in Supplementary Figure 17). Model 3rslar to models used
for blazars, but with a particle energy distribution thatgmot extend up to such large energies (kfx ~80 — 100),
and with most of the electrons at low energies. Therefordim ¢ase we have a sort of bulk-Compton process, in
which relatively cold electrons scatter the seed photonsireg from the outer radius of the disk. Model 3 is similar
to the one presented by Bloom et’&].but in our case the IR and X-ray photons are produced in tire sagion.
The largelx /L ratio is due to the large ratio between the energy densififgeaxternal radiation and the magnetic
field. This requires a small magnetic field, and therefore iandominated jet.
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Supplementary Figure 17 | Data as in Supplementary Figure 15 . In this model the NIR flux is synchrotron

radiation, and the X-rays are produced by the external Compton. The model assumes a matter-dominated jet
whose dissipating region is very close to the accretion disk (i.e. 120 Rs, the black hole mass is assumed to be
10’M.,). The disk itself is assumed to extend out to ~500 Rs. In this case the external part of the disk produces IR
photons that can be efficiently scattered by the relativistic electrons in the jet. In order to avoid overproducing the
NIR, the magnetic field is small, and the jet is therefore matter-dominated. The high state (red line) and the low
state (blue line) differ in the amount of injected power in relativistic electrons and in the bulk Lorentz factor. The
short-dashed gray line is the synchrotron flux in the high state, whilst the long-dashed line is the corresponding
SSC component.
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2.8 Magnetically-dominated jet within a GRB model

We can also treat J1644+57 within the context of the stan@&# internal shock model. This shows that a completely
different modeling approach comes to similar conclusi@garding the relative importance of magnetic fields and
particles in this jet.

We adopt the following parameters:

e The ejecta wind luminosity (including kinetic, magnetiddiand radiation) ig.,, = 10*® erg s 1L4s.
e Bulk Lorentz factor id” = 1007, = 100, which is a typical value for GRBs.

¢ Variability time scale ig\t, = 100 g\t, » (we ignore the redshift correction here).

We introduce 3 parameters:

1. Afractioneg of the total wind energy that goes to magnetic fields. Hereamaliine the traditional definition of
&g and the internal random Lorentz factor, which is of ordetyirithere might also be a globBlfield entrained
from the ejecta.

2. Afractiong of the internal energy that goes to electrons.

3. A fractionée of the total electrons that are accelerated. This parandetaribes whether the flow is “particle
starved” in the context of the discussion in SI§2.5.

In the internal shock synchrotron model, the spectral sisd¢3 below bothvy, andve. In order to interpret the
data (the 13 slope from optical to X-rays), we require that

vx < min(vm, v¢) . (34)

With the adopted parameters, the lab frame magnetic fieddgtin can be estimated By /81~ egl,/4TR?C. SO
the comoving magnetic field strength is

B ~ 2.7 Geg/*Ly, T, 4 (35)

The “cooling” Lorentz factor afity ~ 100 s is

6mmmeC 1
Vc == m ~ 10 X 104rgL481£B lAtV’Z 5 (36)
This gives the cooling frequency
3 B _3/2 _
ve=T o yg%ﬁ ~ 1.2 107 Hzr 8L, 32652, 37)

This is in the X-ray band. Noticing the sensitive dependenmti, a small increase in the bulk Lorentz factor will put
V¢ above the X-ray band. The large bulk Lorentz factor resualtsigh y; andv;, and also results in a large internal
shock radiuRs ~ M2cAt, = 3 x 10'® cml3At, ». The magnetic field strength at this radius is very low (€5])[3s0
that synchrotron cooling is not significant.

In order to haveyy, to be at least greater thag, one requires that the minimum injection electron Loreatzdr
¥m > Y- This Lorentz factor can be estimated as

(%) (22) (2 oo %)
e (5) (571) () o~ ) e @)

where@ is the internal random Lorentz factor in the internal shadhkich is of order unity. One can see that in order
to havey, > 10%, one requirege < 1, so thatee/&e > 30. As a result, we obtain the same result with the GRB model
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as obtained in SI§2.5, namely, the emission region is “garttarved” even within the internal shock fast cooling
scenario.

The most straightforward inference is that the outflow isrmg flux dominated. A Poynting flux dominated
outflow also eases the requirement of launching a highlyreated jet from a newly activated massive black hole.
Alternatively, the data may be interpreted within the filtlmiernal shock model, if only a small fraction of electson
can be accelerated in internal shocks. In any case, thewttfle to be “particle starved”.
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2.9 Two Models for Jet Onset

Our observations of Sw J1644+57 provide strong evidencthéoonset of a relativistic jet powered by accretion onto
a massive black hole. Accretion of matter onto massive blasks provides the power for active galactic nuclei
(AGNSs). However, not all massive black holes are associatdtdAGNS, and this implies that AGNs turn off when
the accretion rate becomes very low. Sgr A*, the massivekiilate in the centre of our Milky Way galaxy, is a nearby
example. Sgr A* has a mass 6f4 x 10°M., 7280 and yet has a quiescent soft X-ray lumino&H§? of only 4 x 10%2

erg s, which would be undetectable at z=0.354.

We expect that AGNs can also turn on again if they becomeivatet by a new supply of accreting material. This
could be a single stellar capture (a tidal disruption eveng more long-lived gas source such as an interstellar cloud
SN ejecta, or stellar winds. Here we discuss two physicalaies that could be responsible for the observed jet onset:
tidal disruption of a main sequence star, and onset of an AQ¢ervationally, these are primarily distinguished by
the expected timescales of the activity.

2.9.1 Tidal Disruption Event

This luminous, accretion-powered, relativistic jet iselik initiated by the tidal disruption of a sf83.84.8586.87.88
where we cite only a small fraction of the substantial litera on this subject. A dormant black hole can be activated
by capturing the remnants of a star disrupted in its stromyigtional field. The vast majority of papers on tidal
disruption events (TDEs) have concentrated on the expextéskion from the initial crushing of the star during its
pericenter passa§@®6-88 emission from the accretion di&k®°87 or emission from a wind outflofif, but it is natural
that a TDE might also produce a f8€7 like those produced by accretion onto objects ranging fremtnon stars
(such as the Crab pulsar) and stellar mass black holes GR$,1915+105) to supermassive black holes in blazars.
The jet dominates the observed emission in Sw J1644+57.

If Sw J1644+57 is the manifestation of a tidal disruptionreM@DE), we can estimate the jet collimation (or
beaming factor) based on the rate of TDEs in the local unevefheSwift BAT, with a field of view of ~ 411/7 s,
has detected one such eventiré years at a peak flux that would have been detectal#tet6.8. The all-sky rate
of Sw J1644+57-like events is therefd®g; ~ 1 yr—1, with a 90% confidence interv¥i of 0.08— 3.9 yr 1. The rate
of tidal disruption events is thought to be10-° yr~1 galaxy ! on both observation&-92and theoreticaf grounds.
Given the galaxy number densitya ~ 0.01 Mpc 3, the total number of galaxies in the co-moving volume within
z< 0.8 can be estimated &;5(z < 0.8) ~ 10°. This gives a total tidal disruption event rateR¥fp 4n(z < 0.8) ~
10* yr=1. If these act like AGN, 10% of them contain relativistic (ia-loud”) jets. The fraction of these jets that

point towards us is
1 67
max| =—,—
\2rz 2 |

wherel is the bulk Lorentz factor an@; is the opening angle of the jet. A bulk Lorentz factorfof 10— 20
or a jet opening angle o ~ 5° would provide the observed event rate. Since we also redjuirel0 in order to
suppress the high energyrays in our preferred model, this relativistic jet selfas@stently accounts for both the SED
and the event rate. Our observations are consistent withrdtieal predictions of the formation of a low-density,
magnetically-dominated jet during the super-Eddingtoasghof a tidal disruption event around & £010’M.,, black
hole®’.

In the tidal disruption interpretation, we expect the seurcbegin a slow decay once the material in the accretion
disk is exhausted and the luminosity begins to track thebiatk timescalet(>/3) of the disrupted stellar material
onto the black hol&*. Theoretical predictions suggest that the timescale firttt?/3 fallback of material onto the
accretion disk to begin may be mon#i§4 The observed light curve may not track this decay rate, ghpdue
to spectral evolutioPP, resulting in very different predicted light curve shapeattdo not even follow power laws.
On the other hand, Krolik and Pir8hargue that the variability timescales in the X-ray lightvaiof Sw J1644+57
provide evidence for tidal disruption of a white dwarf ontoiatermediate mass black hol (~ 10*M..), rather than
the main sequence stellar disruption by a more massive hialekenvisioned in most of the theoretical work cited
above. In this case, all timescales are orders of magnituoiees, and thé—>/2 fallback may begin within days after
the initial pericenter passage. We note that the overakyXeecay for the first 50 days can be fit roughly as%?3
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decay (ignoring the dips), though as we pointed out in SI®]the decay is not smooth and can also be modeled as a
series of steps, so the fit to a power law decay is only apprae@nHowever, over a longer time-scale~ofLl00 days
since the first BAT trigger, the overall light curve decay egs to be nearly exponential (Supplementary Figure 2).
Long-term monitoring of Sw J1644+57 will be necessary tedatne the true decay behaviour, which may then shed
further light on the details of the physical origin of thiseex.

2.9.2 AGN Onset

Although we consider that the tidal disruption model is thestdikely explanation for the behaviour of Sw J1644+57,
other types of accretion onset cannot be ruled out. Gas ftellerswinds or supernovae in a rotating galactic bulge
could be captured in an accretion disk around the centrarsugssive black hole. The inner radius of this disk will
decrease slowly under the effectafviscosity, but as the inner radius approaches the innerstaiste orbit the final
infall timescale becomety ~ 2 x 10%(a /0.1)"*Mg s, resulting in a rapid onset of electromagnetic radiatat ts
consistent with our observations of Sw J1644+57.

We can estimate the rate at which AGNs turn on as follows. Wearas that the typical life time of an AGN is
tagn ~ 3 x 107 yr. In steady-state, the rate at which AGN turn on is thefe#ot;é,\,. Within thez < 0.8 volume, the
event rate of the onset of a new radio-loud AGN wouldRagn tot = 0.1Nga(z < 0.8) /tagn ~ 3 yr-1. A moderate
Lorentz factor off ~ 3 or an opening angle @ ~ 13 would have an event rate ef 0.1 yr—1, consistent with the
observations.

In the case of AGN onset one expects an extremely long-liweshte(~ tagn). The long-term behaviour of
Sw J1644+57 to date is a nearly monotonic decrease in fluxghwfhivours the tidal disruption interpretation. Never-
theless, we expect that continued long-term monitoringvof1$644+57 will be required to distinguish between these
scenarios for the accretion.
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