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ABSTRACT

We present Karl G. Jansky Very Large Array radio observations of the long gamma-ray burst

GRB 161219B (z = 0.147) spanning 1− 37 GHz. The data exhibit unusual behavior, including sharp

spectral peaks and minutes-timescale large-amplitude variability centered at 20 GHz and spanning

the full frequency range. We attribute this behavior to scattering of the radio emission by the turbu-

lent ionized Galactic interstellar medium (ISM), including both diffractive and refractive scintillation.

However, the scintillation is much stronger than predicted by a model of the Galactic electron density

distribution (NE2001); from the measured variability timescale and decorrelation bandwidth we infer

a scattering measure of SM ≈ (8− 70)× 10−4 kpc m−20/3 (up to 25 times larger than predicted in

NE2001) and a scattering screen distance of dscr ≈ 0.2− 3 kpc. We infer an emission region size of

θs ≈ 0.9− 4 µas (≈ (1− 4) × 1016 cm) at ≈ 4 days, and find that prior to 8 days the source size

is an order of magnitude smaller than model predictions for a uniformly illuminated disk or limb-

brightened ring, indicating a slightly off-axis viewing angle or significant substructure in the emission

region. Simultaneous multi-hour broadband radio observations of future GRB afterglows will allow us

to characterize the scintillation more completely, and hence to probe the observer viewing angle, the

evolution of the jet Lorentz factor, the structure of the afterglow emission regions, and ISM turbulence

at high Galactic latitudes.

Keywords: gamma-ray burst: general — gamma-ray burst: individual (GRB 161219B) — scattering

1. INTRODUCTION

Radio emission from compact sources is distorted as

it propagates through the turbulent ionized interstellar

medium (ISM) of the Milky Way, producing frequency-

dependent flux variations on timescales of minutes to

days. This effect, called interstellar scintillation (ISS)

(Rickett 1990; Goodman 1997), has been used to help

map the Galactic electron density distribution using pul-

sars (Cordes & Lazio 2002). ISS has also been de-

tected in radio observations of sufficiently compact ex-

tragalactic sources such as some active galactic nuclei

(AGNs), establishing limits on the size of their unre-

solved compact radio cores to a few tens of microarcsec-

onds (Heeschen & Rickett 1987; Dennett-Thorpe & de

Bruyn 2002; Lovell et al. 2008), and in transient sources

ranging from gamma-ray burst (GRB) afterglows (e.g.

Frail et al. 1997, 2000; Chandra et al. 2008) to jetted

tidal disruption events (Bloom et al. 2011; Zauderer

et al. 2011) and fast radio bursts (Masui et al. 2015;

Cordes et al. 2016; Katz 2016). GRB afterglows are

particularly valuable probes of ISS because they can be

used to sample high Galactic latitudes, where pulsars are

rare and the properties of the turbulent ISM are poorly

constrained. Moreover, while AGNs are more common
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than GRBs across the sky, the generally larger angu-

lar sizes of AGNs typically suppress any ISS variability.

GRBs, on the other hand, are initially compact, but also

expand with time thereby changing the observed scatter-

ing behavior; thus ISS can be used to determine the size

evolution of radio-emitting regions in GRBs. With the

exception of very long baseline intereferometry (VLBI)

observations, which to date have provided strong size

constraints for only one event (the nearby GRB 030329,

whose radio afterglow remained bright long enough to

be resolved starting at ≈ 20 days post-burst; Taylor

et al. 2004, 2005; Pihlström et al. 2007), ISS is the only

method of measuring the sizes of a large sample of GRB

afterglows across timescales of days to weeks, providing

a direct test of afterglow models. In the case of GRB

970508, the ISS-derived afterglow size provided the first

direct confirmation of the now-standard relativistic fire-

ball model for GRBs (Frail et al. 1997, 2000).

While ISS is expected to be ubiquitous in GRBs, it

has only been detected convincingly in a handful of

events because previous observations have lacked the

bandwidth and cadence needed to characterize the vari-

ability in detail. There are several detections of mild

variability with a cadence of days at a single frequency,

and only two cases in which variability was tracked for

hours, though still at a single frequency (Chandra et al.

2008; van der Horst et al. 2014). Recently, Greiner et al.

(2018) reported extremely large-amplitude variability in

the afterglow of GRB 151027B on timescales of days at

two frequencies, possibly requiring a complex distribu-

tion of scattering material along the line of sight, but

were unable to fully characterize the behavior due to

their limited observational coverage. The large band-

width and improved sensitivity of NSF’s Karl G. Jansky

Very Large Array (VLA) can rectify this situation. Over

the past few years, our group has undertaken a system-

atic study of long GRB afterglows with the VLA, greatly

improving the frequency coverage and the temporal sam-

pling at early times. Our observations have revealed a

number of unusual features in GRB radio light curves,

including reverse shock (RS) emission and novel scatter-

ing behavior (Laskar et al. 2016b, 2018; Alexander et al.

2017).

Here, we present a study of strong ISS in the radio

afterglow of GRB 161219B. We observe unusually large-

amplitude, rapid variability whose strength decreases

with time, allowing us to track the size of the afterglow

as it expands. Unlike previous ISS detections, which

were all below 10 GHz, here the variability peaks at ≈ 20

GHz, indicating a strongly scattering medium. Our data

span 1− 37 GHz, allowing us to place direct constraints

on the correlation bandwidth of the observed variabil-

ity, as well as the variability timescale. Additionally, the

brightness of the afterglow allows us finely sample the
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Figure 1. Time−frequency “waterfall” plot showing our fre-
quency coverage as a function of time 1.5 days after the burst.
We followed a similar observing strategy in all epochs (see
Figures 2−6). The grayscale shows the relative change in
flux density in each frequency band (white is ≥ 3 times larger
than the mean flux density in each band, black is ≥ 3 times
smaller). The changing coherence bandwidth of the short-
term variability is clearly visible: the emission at 18 − 24
GHz varies coherently and may connect to the trends seen
in the 30 and 16 GHz sub-bands, while at lower frequencies
the emission in each sub-band varies independently.

observations in both time and frequency space, probing

variability on timescales of minutes to days in unprece-

dented detail. We describe our observations in Section

2, define our model for ISS and use it to constrain the

properties of the observed scattering medium in Section

3, discuss implications for the afterglow size evolution in

Section 4, and conclude in Section 5. We assume stan-

dard ΛCDM cosmology with H0 = 68 km s−1 Mpc−1,

ΩM = 0.31, and ΩΛ = 0.69 throughout.

2. RADIO OBSERVATIONS

GRB 161219B was discovered by the Burst Alert Tele-

scope (BAT; Barthelmy et al. 2005) on board the Neil

Gehrels Swift Observatory (Gehrels et al. 2004) on 2016

December 19 at 18:48:39 UT (D’Ai et al. 2016). The af-

terglow and associated Type Ic supernova (SN 2016jca)

have been extensively monitored at X-ray through radio

wavelengths with a wide range of ground- and space-

based facilities (e.g. Ashall et al. 2017; Cano et al.

2017). Our group obtained the first radio observations

of the afterglow at both centimeter (VLA; Alexander

et al. 2016) and millimeter (ALMA; Laskar et al. 2016a)

wavelengths. Here, we focus on our early cm-band ra-

dio observations at 0.5− 16.5 days. A detailed analysis

of the broadband afterglow and a full list of our X-ray,

UV, optical, near-IR, millimeter, and centimeter obser-

vations are given in a companion publication (Laskar

et al. 2018; hereafter LAB18).
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2.1. Observing Strategy and Data Analysis

Table 1. VLA Radio Observations

Epoch ∆t Duration Receiver Frequency Range

(days) (minutes) (GHz)

1 0.51 34 K 18 − 26

1 0.53 24 Ku 13 − 14, 15.5 − 16.5

1 0.55 15 X 8 − 9, 10.5 − 11.5

1 0.56 15 C 4.5 − 5.5, 6.6 − 7.6

2 1.43 41 Ka 29.5 − 30.5, 36.5 − 37.5

2 1.46 31 K 18 − 26

2 1.48 20 Ku 13 − 14, 15.5 − 16.5

2 1.51 17 X 8 − 9, 10.5 − 11.5

2 1.52 17 C 4.5 − 5.5, 6.6 − 7.6

3a 3.56 17 X 8 − 9, 10.5 − 11.5

3a 3.57 17 C 4.5 − 5.5, 6.6 − 7.6

3b 4.43 41 Ka 29.5 − 30.5, 36.5 − 37.5

3b 4.46 31 K 18 − 26

3b 4.48 21 Ku 13 − 14, 15.5 − 16.5

4 8.44 44 Ka 29.5 − 30.5, 36.5 − 37.5

4 8.47 34 K 18 − 26

4 8.50 24 Ku 13 − 14, 15.5 − 16.5

4 8.51 15 X 8 − 9, 10.5 − 11.5

4 8.52 15 C 4.5 − 5.5, 6.6 − 7.6

5 16.49 34 K 18 − 26

5 16.51 24 Ku 13 − 14, 15.5 − 16.5

5 16.53 15 X 8 − 9, 10.5 − 11.5

5 16.54 15 C 4.5 − 5.5, 6.6 − 7.6

5 16.55 15 S 2.1 − 3, 3 − 3.9

5 16.56 23 L 1 − 2

Table 1. Summary of the timing, frequency coverage, and
VLA receivers used in our GRB 161219B radio observations.
For further details see Figures 2 − 6 and LAB18. All values of
∆t indicate the mean observation time and are relative to 2016
December 19 18:48:39 UT, the BAT trigger time.

We observed the afterglow using the VLA beginning

11.4 hr after the burst under program 15A-235 (PI:

Berger). All of the data presented here were obtained

in the A configuration. As is standard for VLA observa-

tions, we selected one observing band at a time, rotating

through receivers sensitive to different frequency ranges

from high to low frequency and observed for 15−45 min

in each band (Figure 1). The frequency coverage of each

receiver tuning and the timing of each epoch are summa-

rized in Table 1. We used the 3-bit samplers at K band

(18− 26 GHz) to maximize the instantaneous frequency

coverage and the 8-bit samplers at other frequencies to

maximize sensitivity, with resulting bandwidths of 0.6

GHz at L band (1− 2 GHz) and 2 GHz at all other fre-

quencies. The usable bandwidth at the lower frequencies

(. 6 GHz) was lower than these nominal values due to

radio frequency interference (RFI). In all bands except

K and L, the bandwidth was divided into two sub-bands

of 1 GHz each, separated by a gap of up to 1.5 GHz. In

the K band, we observed four adjacent sub-bands of 2

GHz each, providing contiguous frequency coverage. In

the L band, the two sub-bands were also adjacent, but

had gaps in frequency coverage due to RFI.

We analyzed the data with the Common Astronomy

Software Applications (CASA) using 3C48 as a flux cal-

ibrator and J0608− 2220 as a gain calibrator. Initially,

we imaged the data using the CLEAN algorithm and de-

termined the flux density and associated uncertainties at

each band using the imtool program within the pwkit

package1 (version 0.8.4.99; Williams et al. 2017). The

flux densities thus obtained are time- and frequency-

averaged over the duration and bandwidth of each ob-

servation with a particular receiver. They are shown as

shaded horizontal bands in Figures 2–6 (top panels) and

are reported in full in LAB18 (their Table 5).

To probe variability on timescales shorter than the du-

ration of each observation, we used the dftphotom task

in pwkit to directly fit the observed visibilities with a

point source model centered at the afterglow coordinates

using discrete Fourier transforms (Williams et al. 2017).

The resulting light curves are shown in Figures 2–6 (top

panels). We also tracked the evolution of the spectral in-

dex between sub-bands of the same receiver (Figures 2–

6, middle panels; a positive spectral index indicates in-

creasing flux density with frequency). In addition, we

split the data into 128− 1024 MHz frequency segments

to track the spectral evolution within each frequency

sub-band more precisely (Figures 2–6, bottom panels).

We observe large-amplitude flux density and spectral in-

dex changes in the first two epochs (0.5 and 1.5 days)

at 8− 26 GHz. These effects are strongly diminished in

our third epoch (split between 3.6 days and 4.5 days)

and disappear before our fourth epoch at 8.5 days.

To demonstrate that residual phase errors in our data

do not cause the observed short-term variability, we

performed phase-only self-calibration at the X and Ku

bands in epoch 1 and in the Ku, K, and Ka bands in

epoch 2. We find that the mean flux density in each band

increases by ≈ 10 − 30% after self-calibration, but the

intra-epoch variability trends remain unchanged. We

show the self-calibrated datasets for these frequencies in

Figures 2 and 3.

1 Available at https://github.com/pkgw/pwkit.

https://github.com/pkgw/pwkit
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Figure 2. Top: rapid time evolution of the flux density and in-band spectral index during our first epoch of observations at
0.5 days. The upper axis shows the temporal evolution of the lower sideband (LSB; red) and upper sideband (USB; blue) flux
densities for each receiver, moving from high frequencies (20 and 24 GHz, K band) to low frequencies (5.0 and 7.1 GHz, C
band). The flux density at Ku band increases by a factor of 3 − 4 in 24 min. The lower axis shows the spectral index between
the USB and LSB for each receiver. The shaded bands show the flux density and spectral index for each receiver obtained from
imaging all of the data for each frequency and fitting a point source to the image, as reported in LAB18. Bottom: time-sliced
spectral energy distributions (SEDs) at 0.5 days; points of the same color are simultaneous. The SED evolves significantly at
the Ku band and marginally at the K band over the duration of our observations. The afterglow is too faint at low frequencies
to confirm variability, but the spectral variations at the C and X bands are characteristic of strong ISS. The data used to create
this figure are available.
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Figure 3. Same as Figure 2 for the epoch 2 radio data, showing rapid variability on timescales of tens of minutes 1.5 days after
the burst. The largest variations are seen in the K band, suggesting that the transition frequency between strong and weak
scattering is νss ≈ 22 GHz. The bottom panel shows that the coherence bandwidth of the variations increases with frequency,
as expected for diffractive ISS. Fluctuations are coherent across the full Ku sub-bands at 13−14 GHz and 15.5−16.5 GHz, but
the coherence bandwidth drops to ≈ 500 MHz by 8.5 GHz. The C band SED does not vary significantly over the duration of
the observation, indicating that either diffractive ISS is quenched at frequencies ∼< 8 GHz due to a finite source size or that the

coherence bandwidth is below the spectral resolution of 128 MHz at these frequencies. The large change in the spectral index
at 4.5 − 5.5 GHz between 0.5 days and 1.5 days is suggestive of refractive ISS. The data used to create this figure are available.
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Figure 4. Top: epoch 3a and 3b light curves and spectral index evolution at 3.6 and 4.5 days. Note that the low frequencies (C
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data used to create this figure are available.
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Figure 5. Epoch 4 light curve and SED evolution at 8.5 days. We no longer see any large-amplitude variability within this
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continuing refractive ISS. The data used to create this figure are available.
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Figure 6. Epoch 5 light curve and SED evolution at 16.5 days. As in epoch 4, we no longer see sharp spectral features or
evidence of rapid variability in this epoch, suggesting that refractive ISS has also been suppressed as the afterglow expands.
The sharp temporal and spectral discontinuities in the L band LSB (1 − 1.5 GHz) are likely due to data loss from RFI rather
than intrinsic variability; RFI minimally affects our measured flux densities at other frequencies. The data used to create this
figure are available.
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2.2. Variability Characteristics

The rapid temporal variability seen in GRB 161219B

limits our ability to connect features seen in different

frequency bands, as the data were not obtained simulta-

neously (Figure 1). However, we also see extreme vari-

ability within individual frequency bands. For example,

the in-band spectral index at 11 GHz at 0.5 days (epoch

1) is an extremely steep ν12 and the flux density at the

Ku band in epoch 1 increases by a factor of about 3.5

in 24 minutes, implying a temporal index of t40 (Fig-

ure 2). This corresponds to a brightness temperature

Tb,obs ∼ 1018 K, which would require superluminal mo-

tion along the line of sight with Γ & 102 if the variability

is intrinsic to the source (Kellermann & Pauliny-Toth

1969; Readhead 1994). Such a high Lorentz factor is

not expected 0.5 days post-burst; Anderson et al. (2018)

found values at least one order of magnitude smaller for

a sample of radio-detected GRBs observed at similar

epochs. Additionally, the amplitude of the variability

decreases markedly at 3.6 − 4.5 days (epoch 3; Figure

4), which is difficult to explain with any mechanism in-

trinsic to the burst. The high-frequency spectral energy

distributions (SEDs) are essentially flat after this time,

but we still see unusual behavior at lower frequencies

through our fourth epoch at 8.5 days (Figure 5). No-

tably, the spectral index within the 5 GHz sub-band

(4.5− 5.5 GHz) changes significantly in each of the first

four epochs, from negative to positive to negative to pos-

itive. It is only in the final epoch, at 16.5 days, that this

trend ceases and all frequencies connect to form a sin-

gle, smooth SED as expected in the standard afterglow

model (Figure 6; bottom panel).

These sharp spectral features and rapid temporal

changes are inconsistent with the intrinsic behavior of

GRB afterglows. In the standard picture, the afterglow

SED is expected to consist of smoothly connected power-

law segments, with the break frequencies and the over-

all normalization evolving smoothly and moderately in

time (Granot & Sari 2002). The intrinsic flux density

evolution of the afterglow is slow (t−2 at the fastest), so

we do not expect to see intrinsic variability on . 1 hr

timescales days after the burst. The expected SEDs are

broad, with the spectral index varying at most between

2.5 and −1.5 (Granot & Sari 2002). Furthermore, in

the simplest model where all of the emission arises from

the forward shock (FS), the spectral index in a given

band should only evolve from positive to negative, not

undergo repeated sign flips as we observe at 5 GHz at

0.5− 8.5 days. These spectral index changes cannot be

explained even in the context of a more complex FS plus

RS model because the implied RS evolution is too fast;

LAB18 predict that the RS component should entirely

dominate the emission at 5 GHz until 8.5 days. Below,

we show that the extreme features at early times can be

explained as diffractive ISS (DISS), while the broadband

variability at lower frequencies and later times is due to

refractive ISS (RISS).

3. ANALYTIC SCATTERING MODEL

We first provide a basic overview of analytic scattering

theory as it applies to GRB 161219B. (For a more com-

plete treatment of this topic, see Rickett 1990.) The

characteristic angle by which incoming light rays are

scattered while traversing the ISM depends on frequency

and on the amplitude of the electron density inhomo-

geneities encountered along the line of sight, which is

quantified by the scattering measure, SM . If this scat-

tering angle is small, then only a single image of the

source is produced and the resulting flux variations are

small (weak scattering). Conversely, if the scattering

angle is large, then multiple images of the source are

formed and the flux can vary significantly (strong scat-

tering). In both strong and weak scattering, the re-

ceived flux varies across the observer plane due to the

focusing and defocusing of individual images by inhomo-

geneities in the scattering medium. In the strong scat-

tering regime, this is called RISS (Section 3.2) and is

one of two important scattering processes. In the other,

DISS (Section 3.1), light rays emitted from the same

point that take different paths to reach the observer

interfere to produce a speckle pattern in the observer

plane. This speckle pattern is smeared for incoherent

radio sources with an angular size larger than the typi-

cal speckle size, strongly suppressing the observed vari-

ability, so DISS can be used to set an upper limit on

the source size if observed (Section 4). RISS is also sup-

pressed for insufficiently compact sources, but the result-

ing source size limit is not as stringent. DISS produces

the largest amplitude variations (of order unity), but

is strongly frequency dependent and may appear sup-

pressed at low frequencies due to frequency-averaging of

the data. RISS produces smaller modulations but is a

broadband effect.

In the following discussion we ignore scattering within

the GRB host galaxy and in the intergalactic medium,

as these are expected to be negligible compared to scat-

tering by the Milky Way ISM (Goodman 1997). Scat-

tering by the ISM of an intervening galaxy along the line

of sight to the GRB might be significant, but no such

system has been observed for GRB 161219B and opti-

cal spectra of the afterglow show absorption lines only

at the GRB redshift of z = 0.1475 (de Ugarte Postigo

et al. 2016; Tanvir et al. 2016; Ashall et al. 2017; Cano

et al. 2017). To simplify the discussion, we make the

standard assumption that all of the scattering occurs

within a thin screen located at a distance dscr from the
observer. In this case, strong scattering occurs at all
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frequencies ν < νss, where (Goodman 1997)

νss ≡ 10.4(SM−3.5)6/17d
5/17
scr,kpc GHz, (1)

where SM−3.5 ≡ SM/(10−3.5 kpc m−20/3) and dscr is in

units of kpc. We focus our discussion below on strong

scattering, as the large measured flux density variations

indicate that is the relevant regime for our observations

of GRB 161219B.

We use the NE2001 model of the Galactic distribu-

tion of free electrons (Cordes & Lazio 2002) as a start-

ing point to estimate the effects of ISS on our obser-

vations. As this model is constrained largely by pulsar

observations, it is less reliable away from the Galactic

plane. For the line of sight to GRB 161219B (Galactic

coordinates ` = 233.14592◦, b = −21.04465◦), NE2001

predicts SM−3.5 ≈ 0.8 and νss = 12.1 GHz, leading

to dscr ≈ 2.1 kpc. This is clearly inconsistent with

our observations, as the large flux variations in epoch

2 imply that the strong scattering regime extends up to

νss,obs ≈ 20 − 25 GHz (Figure 3). If we assume that

the NE2001 model correctly determines the SM , then

Equation 1 requires dscr ≈ 12 − 25 kpc. This is physi-

cally implausible because it would place the scattering

screen in the Galactic halo, rather than the disk where

most of the scattering material is located. We therefore

conclude that the NE2001 model is unreliable for the

line of sight to GRB 161219B and instead estimate SM

and dscr directly from our observations.

3.1. Diffractive ISS

In the first two radio epochs the measured flux den-

sity changes by up to a factor of 4 within the time spent

observing at a single frequency (15 − 45 minutes). The

rapid timescale of these variations along with their large

amplitude implies that they are caused by DISS. The

timescale for DISS variations is determined by the ob-

server’s transverse motion with respect to the scattering

screen (v⊥) and is defined to be the time it takes for the

line of sight to cross a typical diffraction speckle (Good-

man 1997):

tdiff = 3.1ν
6/5
10 (SM−3.5)−3/5

(
v⊥

30 km s−1

)−1

hr. (2)

For our analysis, we assume that v⊥ is dominated by

the Earth’s motion relative to the local standard of rest

and is therefore a known quantity. For the line of sight

to GRB 161219B at the time of our observations this

motion is v⊥ = 31 km s−1.

DISS variations are correlated over a bandwidth that

scales with frequency as (Goodman 1997):

∆ν ≈ 7.6ν
22/5
10 (SM−3.5)−6/5d−1

scr,kpc GHz. (3)

Near νss, the correlation bandwidth is comparable to the

observing frequency, ∆ν/ν ≈ 1, while at lower frequen-

cies ∆ν rapidly declines below the frequency resolution

of our observations and the flux variations from DISS

are therefore strongly suppressed. We can see this ef-

fect most clearly in epoch 2 (Figure 3). The variability

appears minimal in the X and Ku bands when all of

the data in each band are imaged together, but sharp

spectral features are revealed when the data are binned

more narrowly in frequency. Furthermore, we see no

signs of spectral variability at lower frequencies within

this epoch, because at frequencies ν . 8 GHz, ∆ν drops

below 128 MHz (the narrowest frequency binning possi-

ble with our data).

From Equation 2, tdiff is directly tied to the SM .

In long observations, tdiff can be determined directly

from the observations by constructing intensity struc-

ture functions (e.g., Chandra et al. 2008). Unfortu-

nately, we do not observe with any single receiver long

enough to measure a complete variability cycle; for each

frequency we see only monotonic increases or decreases

in flux density in each epoch, not random oscillations

about a mean value. Therefore, we can only place lower

limits on tdiff as a function of frequency, giving an up-

per limit on the scattering measure. The tightest con-

straint comes from our X band observations in epoch

2, where we have tdiff & 17 min at 8 − 9 GHz, or

SM−3.5 . 40. From Equation 1, this gives us a screen

distance dscr & 0.1 kpc. Here, we are limited by both

the uncertainty on tdiff and by that on our measure-

ment of the transition frequency, νss ≈ 20 − 25 GHz.

This is the closest dscr allowed by the data, indicating

that the dominant scattering material is at most ≈ 20

times closer than predicted by NE2001.

We next explore whether it is possible to improve these

constraints by connecting the variability in adjacent fre-

quency bands. In epoch 2, the flux decline seen in the K

band at 18−26 GHz appears to continue in the upperKu
sideband observations taken at 15.5−16.5 GHz immedi-

ately afterwards (Figure 3). Indeed, because ∆ν/ν ≈ 1

near νss and νss ≈ 20− 25 GHz, we expect to see coher-

ent variations over this frequency range. We therefore

can constrain tdiff & 70 min at ν ≈ 21 GHz. From equa-

tions 1 and 2, this gives SM−3.5 . 20 and dscr & 0.2

kpc, improving our constraints on these quantities by a

factor of 2. For the rest of this paper, we assume that

both SM and dscr are constant in time.

Although we cannot place an upper limit on tdiff from

our observations directly, we can use our knowledge of

the likely distribution of Galactic scattering material to

put a soft upper limit on dscr, which then allows us to

compute an upper limit on tdiff and a lower limit on SM .

The scale height of diffuse, ionized gas in the Milky Way

is ∼ 1 kpc in the solar neighborhood (e.g. Cordes &

Lazio 2002). For the Galactic latitude of GRB 161219B

(−21◦), the assumption that the scattering material is
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located within one scale height of the Galactic plane

gives dscr ∼< 3 kpc. From equations 1 and 2, we then ob-

tain SM−3.5 ∼> 3 and tdiff ∼< 4 hr at 21 GHz for νss = 20

GHz (SM−3.5 ∼> 5 and tdiff ∼< 3 hr for νss = 25 GHz).

3.2. Refractive ISS

The rapid DISS variability described in the previous

section is strongly suppressed by the third epoch at 3.5

and 4.5 days, and by 8.5 days we no longer see variabil-

ity within individual observations. However, even af-

ter DISS quenches at ≈ 4 days, we continue to observe

slower variability in the radio light curves. The domi-

nant effect is a slow fading at all frequencies, which is in-

trinsic to the GRB afterglow evolution (LAB18), but the

spectral index within bands varies non-monotonically,

which is a sign of continuing ISS. This behavior is most

obvious within the 1 GHz sub-band centered at 5 GHz

(Figures 2–5). These variations are too broadband to

be produced by DISS (Equation 3), but are plausible

for RISS.

At early times, when DISS still dominates the variabil-

ity at & 8 GHz, the afterglow can be approximated as

a point source for the purposes of characterizing RISS.

The characteristic RISS timescale for a point source in

the strong scattering regime is (Goodman 1997):

tref = 4.1 ν
−11/5
10 (SM−3.5)3/5dscr,kpc

×
(

v⊥

30 km s−1

)−1

hr
(4)

and the root-mean-square amplitude of the fluctuations

is characterized by the modulation index (Goodman

1997):

mref = 0.477ν
17/30
10 (SM−3.5)−1/5d

−1/6
scr,kpc. (5)

Our inferred values of SM , dscr and v⊥ (Section 3.1)

imply that at 5 GHz tref ≈ 20− 140 hr and mref ≈ 0.2,

consistent with the lack of variability seen at this fre-

quency on timescales of tens of minutes. The lower end

of this range, corresponding to the highest allowed SM

values and the smallest dscr values, is most consistent

with the spectral inversion at 5 GHz that occurs be-

tween epochs 1 and 2 (taken 22 hr apart); this likely

means that dscr � 3 kpc (i.e. the scattering material

is well within the Galactic disk), SM−3.5 is close to the

maximum allowed value of 20, and tdiff is much closer to

70 min than 4 hr. However, we retain the full parame-

ter ranges throughout this paper to be conservative. We

continue to observe changes in the spectral index at 5

GHz through 8.5 days (Figure 5), but at 16.5 days the

afterglow no longer shows substantial spectral or tem-

poral variability (epoch 5; Figure 6), suggesting that the

effects of RISS have decreased compared to our earlier

epochs. We consider the implications of this in the next

section.

4. ISS CONSTRAINTS ON SOURCE SIZE AND

OUTFLOW GEOMETRY

The observed variability allows us to constrain the

physical size of the afterglow at multiple epochs, en-

abling a direct comparison to the afterglow model pre-

sented in LAB18. DISS can only produce observable

flux variations if the source angular size, θs, satisfies

(Goodman 1997):

θs . 2.25ν
6/5
10 (SM−3.5)−3/5d−1

scr,kpc µas. (6)

This limit becomes increasingly restrictive at low fre-

quencies, so if we observe an abrupt cutoff in DISS then

we can use it measure the source size (or set an up-

per limit, if DISS instead cuts off due to ∆ν declining

below our frequency resolution; Equation 3). In epoch

2 we observe clear variability down to ≈ 8 GHz. We

can therefore set a limit of θs . 1 µas at 1.5 days for

SM−3.5 = 20, dscr = 0.2 kpc. (Smaller values of SM

and larger dscr require a smaller θs for a given cutoff

frequency; SM−3.5 = 3 and dscr = 3 kpc give θs . 0.3

µas.)

From Equation 1, the maximum frequency at which

we observe DISS is νss. Combining this with Equation 6,

we see that DISS is quenched at all frequencies if the

source is larger than a critical angular size θs > θcrit

(Goodman 1997):

θcrit = 2.35(SM−3.5)−3/17d
−11/17
scr,kpc µas. (7)

For the constraints given in Section 3.1, we find θcrit ≈
0.9− 4 µas. GRB afterglows expand with time, so we

expect to see DISS quench at all frequencies when the

angular size of the emitting region exceeds θcrit. This

naturally explains the transition from the large intra-

epoch flux variations and sharp spectral features seen

in epochs 1 and 2 to the slower, gentler variability seen

subsequently, suggesting that DISS quenches at tcrit ≈ 4

days, and hence θs ≈ 0.9− 4 µas at 4 days.

RISS provides no independent information on the

source size in the DISS regime, but after tcrit we can no

longer treat the afterglow as a point source and the mod-

ulation index decreases in direct proportion to the source

size, mref ∝ θ−7/6
s (Goodman 1997). In this regime, mref

peaks at a frequency νp,ref given by (Goodman 1997):

νp,ref = 3.7

(
θs

10 µas

)−5/11

(SM−3.5)3/11 GHz. (8)

In principle, we can use mref to measure the source size

in all epochs after 4 days, but in practice at late times

GRB 161219B’s afterglow is too faint and our cadence is

too sparse to place useful independent constraints. How-

ever, we can make use of Equation 8 in epoch 4, where

the only obvious evidence of RISS is at low frequencies,

suggesting νp,ref ≈ 4 − 8 GHz. This suggests that the
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afterglow size is θs ≈ 3− 50 µas at 8.5 days.

The uncertainty on the first two size measurements

is determined by how well we can constrain SM and

dscr, while the third measurement additionally depends

on νp,ref . We assume that SM and dscr are constant in

time and compute them from our observables νss and

tdiff using equations 1 and 2. The uncertainty on the

first two size measurements is dominated by our lim-

ited ability to constrain tdiff , although the uncertainty

in νss also contributes. The much larger uncertainty on

the final measurement at 8.5 days is due primarily to

the strong dependence of θs on νp,ref , which is only con-

strained to a factor of ≈ 2 by our observations. In all

epochs, the largest allowed θs corresponds to the largest

allowed value of SM , and thus ultimately to the small-

est tdiff allowed by the data. Therefore, the maximum

θs in each epoch is directly determined by our obser-

vations and does not depend on any assumptions made

about Galactic structure (our assumed dscr upper limit

in Section 3.1 provides a lower limit on SM and lower

limits on θs).

Figure 7 shows all three size measurements (shaded

gray regions) in comparison to the afterglow model pre-

sented in LAB18 (black line) and to size estimates of

other GRBs in the literature (colored points). The black

stars indicate the maximum afterglow size allowed by

our observations; our early RISS observations at 5 GHz

suggest that the true size is closer to these values than

to the lower end of each range (Section 3.2). We obtain

the earliest size measurements for any GRB afterglow

to date, as our broad frequency coverage allows us to

constrain the size even prior to the time at which DISS

quenches. The RISS estimate at 8.5 days is broadly

consistent with LAB18, but we find that, even for the

largest angular source size allowed by our observations,

the size predicted by our DISS observations is at least

a factor of five times smaller than that calculated by

LAB18. This may be partially due to limitations of the

thin-screen approximation for the ISS modeling or to un-

certainties in the LAB18 afterglow modeling, but these

effects are unlikely to account for such a large discrep-

ancy. In particular, varying afterglow parameters within

the LAB18 1σ confidence ranges changes the estimated

afterglow size by only a few percent.

The only GRB for which it has been possible to com-

pare afterglow size estimates from ISS against a second

independent observational technique is GRB 030329,

whose afterglow was resolved with VLBI at & 24

days (Taylor et al. 2004, 2005; Pihlström et al. 2007).

Pihlström et al. (2007) note that the ISS size estimate at

15 days presented by Berger et al. (2003) is also smaller

than an extrapolation of their VLBI observations would

suggest. They propose that the discrepancy could be

due to the assumed geometry of the source image. The
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Figure 7. Constraints on GRB afterglow sizes from the lit-
erature (colored points; Frail et al. 2000; Berger et al. 2003;
Taylor et al. 2004, 2005; Pihlström et al. 2007; Chandra et al.
2008) in comparison to those derived in this work (gray
rectangles). We note that Rs denotes the transverse size
of the afterglow image on the sky, not the radial distance
from the point of explosion. Squares indicate size measure-
ments and upper limits from VLBI observations, while stars
are estimates from ISS. Our ISS results for GRB 161219B
are shown together with the predicted size evolution for the
fireball model presented in LAB18, which assumes that the
afterglow image is a uniformly illuminated disk (black line).
Solid black stars indicate ISS size upper limits derived from
our direct observation that tdiff > 70 min at 21 GHz, while
the shaded gray regions show the full range of sizes allowed
for νss ≈ 20 − 25 GHz, dscr < 3 kpc, and our constraints
on νp,ref . Even if the scattering properties are pushed to the
limit of what is allowed by the data, the discrepancy between
the ISS and LAB18 size estimates at early times cannot be
reconciled. This may imply substructure in the outflow or a
mildly off-axis viewing geometry.

size estimates from afterglow modeling (LAB18) given

in Figure 7 for GRB 161219B and by Berger et al. (2003)

for GRB 030329 assume that the image of the afterglow

is a uniformly illuminated disk, but optically thin after-

glows appear limb-brightened, meaning that the image

is better modeled as a ring (Granot et al. 1999; Gra-

not & Loeb 2001). This would allow DISS to persist

to a larger afterglow radius, as the diffraction speckle

scale would be compared to a smaller illuminated area.

The correction factor is larger at both higher frequen-

cies and later times, and may be up to a factor of ≈ 2

for a perfect ring. If instead the GRB jet is viewed

slightly off-axis and we are able to see one edge of the

jet, then one side of the afterglow could be brighter due

to relativistic beaming effects even prior to the nominal

jet break time (t ≈ 32 days for GRB 161219B; LAB18),

creating a crescent-shaped image and a larger correction

factor (Granot et al. 2018). Furthermore, GRB 161219B

has an unusually low radiative efficiency (Eγ/EK ≈ 4%;
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LAB18), consistent with an off-axis geometry in which

the energy in the prompt emission appears low due to

being relativistically beamed away from the observer.

Ryan et al. (2015) suggest that such off-axis viewing an-

gles may be common in GRBs. In this case, the size in-

ferred from ISS would be smaller than the LAB18 model

prediction.

The LAB18 model predicts that GRB 161219B’s af-

terglow emission is dominated by the RS at 1.5 and 4

days at all radio frequencies, with the FS beginning to

contribute at 8.5 days. The synchrotron self-absorption

frequency of the RS is & 8 GHz at 1.5 days, so the af-

terglow should be minimally limb-brightened and our

first size estimate should be minimally affected for a

perfectly on-axis source. At 4 days, the afterglow is in

the optically thin regime and the limb-brightening ef-

fect will be largest, while at 8.5 days the contribution of

the FS emission should decrease this effect somewhat.

Geometric effects are thus a plausible explanation for

the changing ratio between our ISS size estimates and

the LAB18 model at 4 days and 8.5 days, but given the

strong LAB18 preference for a high RS self-absorption

frequency at 1.5 days we require strong beaming from

an off-axis viewing angle or a different explanation for

the size discrepancy at this epoch.

One alternative possibility is that we are seeing evi-

dence of substructure in the jet, which is not predicted

by the standard fireball afterglow model but has been

proposed to explain the highly variable GRB prompt

emission and early afterglow (e.g. Shaviv & Dar 1995;

Lyutikov & Blandford 2003; Lazar et al. 2009; Narayan

& Kumar 2009; Barniol Duran et al. 2016). If con-

firmed by ISS observations of future GRB afterglows,

similar apparent size discrepancies may therefore pro-

vide a novel way to constrain the observer viewing angle

and the evolution of the jet Lorentz factor, or to suggest

that an update to the basic theory is needed.

5. SUMMARY AND CONCLUSIONS

We present detailed radio observations of

GRB 161219B that reveal rapid spectral and tem-

poral variability. We demonstrate that this variability

is consistent with a combination of diffractive and re-

fractive ISS. We are able to probe the strong scattering

regime due to an unusually large scattering measure

SM−3.5 ≈ 3− 20 along the line of sight to this burst,

which shifts the transition frequency between strong

and weak scattering up to νss ≈ 22 GHz. The scattering

measure is a factor of ≈ 4− 25 higher than predicted by

the NE2001 model, illustrating that the distribution of

ionized material in the ISM is poorly constrained away

from the Galactic plane. Our detailed observations

exemplify the power of compact extragalactic sources

to improve future Galactic electron density models.

ISS also allows us to test models of the intrinsic emis-

sion from GRB afterglows by providing direct measure-

ments of the afterglow size. For GRB 161219B, we ob-

tain the earliest size measurements of any GRB after-

glow to date. We find that the source size is initially

∼ 10 times smaller than the prediction based on FS and

RS modeling presented in LAB18, but agrees with the

model predictions at late times (8.5 days). The early

size discrepancy may indicate a slightly off-axis observer

viewing angle or significant substructure in the emis-

sion region, but longer radio observations with greater

simultaneouS bandwidth would be required to confirm

these explanations for future events.

In general, to obtain the best possible constraints on

the intrinsic radio flux densities of GRB afterglows, ide-

ally we will need to observe for one or more full cycles of

variability, so that we can accurately determine the aver-

age SED. For DISS, this will mean observing for several

hours per epoch with as wide a bandwidth as possible,

especially in the first few days when DISS effects are

strongest. Longer observations and broader simultane-

ous frequency coverage than the observations presented

here will provide better constraints on the correlation

bandwidth and characteristic timescales of the variabil-

ity, leading to better constraints on the SM and the

distance to the scattering screen. To fully characterize

RISS and obtain additional independent constraints on

the size of the afterglow, we will need to continue ob-

serving every few days even at late times, so that the

evolution of mref can be better constrained. In time,

radio observations of a population of bright GRB after-

glows can better constrain both GRB physical models

and the properties of the ISM away from the Galactic

plane.
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