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ABSTRACT

The extraordinary giant flare (GF) of 2004 December 27 from the soft gamma repeater SGR20806&s
followed by a bright radio afterglow. We present an analysis of VLA observations of this radio afterglow from
SGR 1806-20, consisting of previously reported 8.5 GHz data covering days 7-20 after the GF, plus new
observations at 8.5 and 22 GHz from day 24 to 81. We detect motion in the flux centroid of the afterglow, at
an average velocity of (0.2 0.03x (assuming a distance of 15 kpc) at a position angle-4%°. This motion,
in combination with the growth and polarization measurements, suggests an asymmetric outflow, mainly from
one side of the magnetar. We find a deceleration in the expansion,$8to <5 mas day*. The time of
deceleration is roughly coincident with the rebrightening in the radio light curve, as expected to result when the
ejecta from the GF sweeps up enough of the external medium and transitions from a coasting phase to the Sedov-
Taylor regime. The radio afterglow is elongated and maintains a 2 : 1 axis ratio with an average position angle
of —40° (north through east), oriented perpendicular to the average intrinsic linear polarization angle.

Subject headings: pulsars: individual (SGR 180620) — radio continuum: general — stars: flare —
stars: neutron — stars: winds, outflows

1. INTRODUCTION 2. OBSERVATIONS

) The NRAC® Very Large Array (VLA) observations of SGR
The spectacular giant flare (GF) of 2004 December 27 from 1806-20 began 6.9 days after the GF with the VLA in its A
the soft gamma repeater SGR 1808) is believed to have  qnfiguration. Here we report all 8.5 and 22 GHz observations

originated from a violent magnetic reconnection event in this up through day 81 (see Table 1). The first 20 days of monitoring
magnetar (Palmer et al. 2005; Hurley et al. 2005). This suddenyith a host of radio telescopes including the VLA have pre-

energy release of more than*16rgs in gamma rays (assuming viously been described by Gaensler et al. (2005) and by Cam-
isotropic emission at a distance of 15 kpc; Corbel & Eikenberry gron et al. (2005). Absolute flux calibration was obtained from
2004; McClure-Griffiths & Gaensler 2005) managed to eject a 4 short observation of 3C 286 during each run. Phase calibration
significant amount of baryons, probably accompanied by some a5 determined by observations of the strong (0.75 Jy) but
pairs and magnetic fields, from the neutron star (Pa]mer et al.somewhat distant £8) calibrator PMN J18262528 o (from
2005; Gelfand et al. 2005; Granot et al. 2005). As this outflow 5qg5 January 16 on) the nearby'7@) and moderately strong
interacted with the external medium, it powered an expanding (0.32 Jy) calibrator TXS J18142055 with a cycle time of
radio afterglow (Cameron & Kulkarni 2005; Gaensler et al. 3 5 minutes. From January 16 onward, the validity of the phase
2005) at least 500 times more luminous than the only otheryansfer at 8.5 GHz was checked by short observations of
radio afterglow detected from an SGR GF (Frail et al. 1999). 31850-2528 every 15 minutes. In general, the coherence was
After a steep decay~ *'; Gaensler et al. 2005), a rebright-  ound to be better than 95% on J182P528. For all obser-
ening in the radio light curve was seen, startinga25  days yations except those on 2005 January 3, the strong and un-
and peaking at~ 33 days (Gelfand et al. 2005), followed by po|arized source OQ 208 was observed for 1 minute in order
a shallower decay. This is most naturally explained by the 4 hermit solving for the instrumental polarization. For the data
transition from free expansion to the Sedov-Taylor phase, 5 january 3, leakage terms were transferred from observations

which occurs when a sufficient mass of ambient medium is of B | ac 'on 2005 January 2. The absolute polarization angle
swept up (Gelfand et al. 2005; Granot et al. 2005). was referenced to 3C 286 for all epochs.
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TABLE 1
OBSERVATIONAL SUMMARY
Freq. Phase Time rms noise Array Bin By Boa
Date t (days) (GHz) Calibrator (minutes) (uJy beam®) Config. (mas) (mas) (deg)
2005 Jan 3........ 6.9 8.5 J18206-2528 12 60 A 222 458 16
2005 Jan 5........ 8.8 8.5 J1820-2528 15 70 A 213 542 27
2005 Jan 6........ 9.9 8.5 J1820-2528 34 34 A 233 430 19
2005Jan 7........ 11.0 8.5 J1820-2528 18 61 A 233 717 41
2005 Jan 1Q...... 13.7 8.5 J1751-2524 26 45 A 228 811 -41
2005 Jan 13...... 16.8 8.5 J1820-2528 38 25 A 295 597 29
2005 Jan 16...... 19.9 8.5 J1811-2055 28 31 A 408 605 —42
2005 Jan 20...... 23.8 22,5 J1811-2055 37 59 BnA 190 317 -75
2005 Jan 24...... 27.7 8.5 J1811-2055 21 30 BnA 451 1004 -60
2005 Jan 27...... 30.7 8.5 J1811-2055 32 36 BnA 382 1346 53
2005 Feb 3........ 37.7 8.5 J1811-2055 21 40 BnA 437 1062 -60
2005 Feb 7........ 41.7 8.5 J181%2055 21 BnA
2005 Feb 11...... 45.7 8.5 J1811-2055 17 40 BnA 401 1328 -55
2005 Feb 20...... 54.7 8.5 J1811-2055 111 15 B 736 1323 14
2005 Feb 26...... 60.7 8.5 J1811%-2055 17 48 B 706 1465 -22
2005 Mar 4....... 66.7 8.5 J1811-2055 66 36 B 720 1296 3
2005 Mar 12...... 74.7 8.5 J1811-2055 26 42 B 730 1305 3
2005 Mar 19...... 81.7 8.5 J1811-2055 37 44 B 736 1351 14

Nortes.— VLA data from February 7 were unusable due to poor observing conditions. February 11 includes data taken on
February 10 and 12. February 20 includes data taken on February 19 and 21. The second columhgitese after the
GF,; the fifth column refers to the total integration time on-source; Bpg B, ,Band describe the naturally weighted
synthesized restoring beam measured north through east.

SGR 1806-20, while a point source (not listed) was used to of the data using identicgli, v) -coverage, similar noise prop-
describe the radio nebula associated with the luminous blue var-erties, and a Gaussian component of known size added. The
iable star approximately 140 the east (Frail et al. 1997). Other simulations confirm the error estimates quoted by MIRIAD and
models for the radio afterglow, including an elliptical ring, a agree with errors estimated from the signal-to-noise ratio and
uniform sphere, an elliptical disk, and two point sources, were the synthesized beam shape.

tried but were not found to provide a better fit. Fitting the VLA In the early epochs, there is some evidence from the
data to an elliptical ring or disk at any epoch increases the derivedMERLIN and VLBA observations (Fender et al. 2005) that the
size by a factor o~1.16 or~1.66, respectively, as expected morphology of the source is more complicated than an elliptical
(Pearson 1999). The model fitting was performed in both Gaussian and may experience rapid changes in the location of
MIRIAD (task UVFIT) and Difmap and was found to agree to the peak emission. These changes in the surface brightness
within the uncertainties. We adopt the MIRIAD fits (Table 2) could cause shifts in the centroid of our model fits and devi-
and the estimated statistical errors. As in Taylor et al. (2004), ations in the fitted size. For this reason, we have added a 10%
the error of the size was checked with Monte Carlo simulations error in quadrature to the measured size of all points, although

TABLE 2
MOoODEL FITTING AND POLARIMETRY RESULTS
t Flux AX Ay O Axial 0o Pol. )
(days) (mJy) (mas) (mas) (mas) Ratio (deg) (%) (deg)
69 ....... 54.59+ 0.09 794+ 09 052+ 006 -58=* 2 21+ 01 20% 2
88 ....... 32.30+ 0.09 0 0 678+ 49 050+ 0.12 -65=*8 13+ 02 12+ 2
99 ....... 23.68+ 0.04 28 2 786+ 12 055+ 006 -52+3 1.1+ 01 4+ 4
110 ...... 16.78+ 0.06 47 -5 858+ 24 068003 -68+12 16%+03 12x5
13.7 ...... 9.75+ 0.05 120.3+ 163 0.70+x 010 -59=+ 12 19+03 44+ 6
168 ...... 5.65+ 0.04 37 -9 1216+ 59 080+ 013 —-87+24 26+03 38+5
199 ...... 4.18+ 0.05 10 26 197.7+= 128 054+ 0.08 -54+ 8 34+ 05 35+ 12
238 ...... 1.62+ 0.12 -19 56 208.9+ 40.7 0.84+ 0.25 -—31 =+ 46
27.7 ...... 3.24+ 0.06 —36 71 276.1+ 423 0.65+ 0.12 —44 + 11 <2.0
30.7 ...... 3.93+ 0.06 —68 111 2923+ 17.7 0.82x 022 -—-26=* 31 <2.2
377 ...... 3.22+ 0.06 -70 91 258.3+ 375 043+ 026 -—15=* 16 <2.4
457 ...... 2.60+ 0.05 —-61 97 346.4+ 389 059+ 0.11 —-26 =+ 10 <5.7
547 ...... 2.03+ 0.03 —-78 109 3525+ 417 0.73x 010 -—-21 =+ 11 <15
60.7 ...... 1.78+ 0.07 —67 75 461.4+ 117 0.60+ 0.30 —28 + 17 <4.7
65.7 ...... 1.72+ 0.04 —-92 107 446.8= 50.6 053+ 0.09 -12=+7 <2.6
747 ...... 1.55+ 0.06 —113 128 446.1+ 90.3 056+ 0.16 —11 + 13 <3.9
81.7 ...... 1.39+ 0.05 -—135 141 459.1+ 786 049+ 022 -—-23+ 15 <4.4

Nortes.—Positions are relative to that derived on January 5, which is R:AL8'08"39:3418, decl.= —20°24'39:827
(J2000). The positions of January 3 and 10 are excluded for reasons described in the text. The errors quoted on the flux
densities are only statistical and will be discussed in a future paper. Position errors are dominate@byras systematic
uncertainty in the astrometry. The source size is described by the majof,axis , axial ratio, and positidh angle . Note
that the position angle at 13.7 days after the burst differs substantially from the valué ef 82° shown in Fig. 3 of
Gaensler et al. (2005). The new fit presented here seems more consistent with the position angles seen at adjacent epochs.
A subsequent paper will fully investigate this possible discrepancy. The source polarization is described by the fractional
polarization and the electric vector polarization anglevhere¢ has been corrected for the observed rotation measure of
272 + 10 rad m? (Gaensler et al. 2005).
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i 1 Fic. 2.—Expansion of the radio afterglow from SGR 180%) as a function
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of time. The size shown is the geometric mean of the major and minor axes
of the best-fitting elliptical Gaussian for each observation. The solid line is a
fit of a supersonically expanding shell model as described by eq. (4) of Gelfand
et al. (2005). This model does not take into account the collimation and proper
motion of the source, but provided that these are not extreme, it illustrates the
deceleration due to mass loading by the external medium.

Time (days)

Fic. 1.—Linear fractional polarizatiorcircles; right y-axis) and polarization
angles {riangles; left y-axis) for the radio afterglow from SGR 186&0 as
a function of time at 8.5 GHz. All polarization angles have been corrected for

the observed rotation measure of 22210 rad m? (Gaensler et al. 2005). .
Limits on fractional polarization are drawn ato3 growth appears to slow so that the average velocity between day

30 and the last day of observations reported here is#1.@

the error may be larger in the earlier measurements. At latermas day* (<0.4d;sc), where the source size reachet22 mas.

times, 1.4 GHz MERLIN observations seem to be more con- This expansion is in agreement with the MERLIN size estimate
sistent with a smooth elliptical Gaussian. of ~390 mas (mean full width), 56 days after the GF.

Following Gelfand et al. (2005; see their eq. [4]), we fit to
the data from day 9 onward a supersonically expanding spherical
shell that is decelerated as it sweeps up material. While the

Linear polarization from the radio afterglow was detected dur- deceleration of an anisotropic outflow might be somewhat dif-
ing the first 20 days after the GF at 8.5 GHz (Gaensler et al. ferent than in the spherical case, the latter may still serve as a
2005). Thereafter we were only able to measure upper limits onrough approximation. The fit (reduced  of 0.76; shown as the
the polarization (Fig. 1). The polarization is found to be 2.1% solid line in Fig. 2) implies a deceleration time of 40 13 days
on day 7 and to decrease to a minimum of 1.1% on day 10. At after the GF, consistent with the time of the peak rebrightening
that time, the linear polarization began to increase steadily to aat day~30 and the deceleration time e#6 days derived from
maximum value of 3.4% while the polarization angle swung the rebrightening (Gelfand et al. 2005). We also fit a constant
rapidly from £ to 4C. The polarization falls below our detection expansion (5.6 0.6 mas day?) to the data and obtain a reduced
limit of 2% around the time of the rebrightening in the light x?of 1.22. AnF-test gives a probability of 2% that the constant
curve. Limits as late as 55 days after the GF are below 2%. expansion is an equally valid description of the data. A broken

In Figure 2 we plot the geometric mean diameter of the elliptical power law actually fits much better than either model (reduced
Gaussian model fits. These fits show the expansion of the radioy?> = 0.06) but requires both acceleration and deceleration of
afterglow from SGR 180620 over the first 81 days after the GF. the explosion.

As reported in Gaensler et al. (2005), SGR 1826 was clearly Good astrometry was obtained for the radio afterglow from
resolved in the earliest VLA observations taken 7 days after the SGR 1806-20 on all days of the observations except 2005
GF with a diameter of~57 mas (mean full width). MERLIN  January 3, January 10, and February 7 via phase referencing
observations (Fender et al. 2005) reveal that the source could béo a nearby calibrator. A combination of a long cycle time
asymmetric. The size and position angle of the MERLIN extension (15 minutes), distant calibrator (J182@528), and poor atmo-

at —31° is roughly consistent with our average value-640 + spheric phase stability resulted in a large systematic position
20. There is some possible evidence for a gradual swing in theerror on January 3, although changes in the relative brightness
position angle of the VLA data (Table 2), and we will investigate of different parts of the image (Fender et al. 2005) may also
its significance in a future paper. Assuming a one-sided expansiorhave affected the centroid position. On January 10, the low
(as argued in 8 5), the apparent velocity required to reach a sizeelevation of the observations forced us to employ a distant
of 57 mas in 6.9 days is 8.3 0.9 mas day* [(0.72 =+ calibrator with a poor position. On February 7, poor weather

4. POLARIZATION, EXPANSION, AND PROPER MOTION

0.10d,5c)]. caused unstable phase conditions such that the coherence es-
After 30 days (the time of the rebrightening reported by Gel- timated on J18262528 was only 36%.
fand et al. 2005), the radio afterglow had grown~®60 mas The centroid of the radio afterglow from SGR 186020 is

(full width of the geometric mean of the major and minor axes). found to shift by~200 mas over the course of 70 days of
Between 7 and 30 days, the growth of the radio nebula from 57 observations (Fig. 3). We have decomposed this shift xato

to 260 mas corresponds to an average expansion velocity ofand y-components (Table 2) and performed least-squares fits
9.0 £ 1.6 mas day’ [(0.78 = 0.144,.c]. After this time, the  to the motion. The radial proper motion is 3:0 0.34 mas
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outflow, which can stretch the magnetic field in the emitting
region along its direction of motion. The degree of polarization
decreased at about the same time as the deceleration and re-
brightening in the light curve (see Fig. 1). As the rebrightening

is attributed to the emission from the shocked external medium
becoming dominant (Gelfand et al. 2005; Granot et al. 2005),
this suggests a lower polarization of this emission component.
This, in turn, suggests that the magnetic field in the shocked
interstellar medium (ISM) is less ordered than in the shocked
ejecta and/or shocked external shell.

In the first 30 days, the outer edge of the radio afterglow
moves away from the magnetar position at an apparent velocity
of 0.8&. The intrinsic velocity could be lower depending on
the unknown inclination of the outflow. The minimum velocity
is 0.6 for an angle of the outflow with a line of sight of 51
This is in agreement with the high escape velocity otGds
a neutron star. At these transrelativistic velocities (Lorentz fac-
tor 1.3), there is a modest increase in the total kinetic energy
of the outflow. Compared to previous estimates based on iso-
tropic outflows (Gelfand et al. 2005), the energy is increased
50 P by a factor of 2-3 owing to the factor of 2 higher velocity at

Relative RA (mas) the outer edge, but lower velocities elsewhere (Granot et al.
2005). Combining these two factors leads to a revised estimate

Fic. 3.—Trajectory of the afterglow of SGR 186@0. Dates are labeled.  for the total kinetic energy in the ejecta efl0* ergs. By
The small ellipses denote the first and last days used. momentum conservation, a one-sided outflow OFA'i(IJ
day * at a position angle of 44° + 6° (measured north through (Granot etﬁ;al. 2005) at 0.62mparts a kick to the magnetar
east). This motion corresponds (@26 = 0.03d,.c . There is ©f 30 cm s™.

some indication that the time of fastest proper motion also
corresponds to the time of fastest growth. 6. CONCLUSIONS

200

T T T T [ T T T T ] T T T T | T T T T ] 1T

150

[
=4
—
Vo]

100

50

anl6

Relative Declination (mas)
T T T T T T T T T T T T T T
L
GU
&
2]

Jd a anb

TR T R R T S ST NN ST ST ST RN N ST ST T S SN S SO S

We report a deceleration in the observed expansion of the
5. DISCUSSION radio afterglow produced by the 2004 December 27 giant flare

The motion of the radio flux centroid is along the major axis from SGR 1806-20. We also find a proper motion for the
of the source and is roughly half of the growth rate. This may radio afterglow roughly aligned with its major axis and per-
be naturally explained by a predominantly one-sided outflow, Pendicular to the average polarization angle. These observa-
which produces a radio nebula extending from the location of tions support the idea of an asymmetric explosion on one side
the magnetar out to an increasing distance in the direction ofOf the magnetar. The polarization data place significant con-
the ejection. This suggests that either the catastrophic reconStraints on the magnetic field structure in the shocked ejecta
figuration of the magnetic field that caused the GF was rela- and ISM. Measurements with the VLA continue and will be
tively localized, rather than a global event involving the whole Presented in a future paper.
magnetar (see Eichler 2002), or the baryonic content of the
ejecta is asymmetric. It is also possible that the environment We thank an anonymous referee for constructive comments.
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the plane of the shock (Medvedev & Loeb 1999), because of knowledges support from the German-Israeli Foundation.
the elongated shape of the emitting region and due to projectionE. R.-R is sponsored by NASA througthandra Postdoctoral
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