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ABSTRACT

We present the complete set of Hubble Space Telescope imaging of the binary neutron star merger

GW170817 and its optical counterpart AT 2017gfo. Including deep template imaging in F814W,
F110W, F140W, and F160W at 3.4 years post-merger, we re-analyze the full light curve of AT 2017gfo
across 12 bands from 5–1273 rest-frame days after merger. We obtain four new detections of the short

γ-ray burst (GRB) 170817A afterglow from 109–170 rest-frame days post-merger. These detections
are consistent with the previously observed β = −0.6 spectral index in the afterglow light curve with
no evidence for spectral evolution. We also analyze our limits in the case of novel late-time optical
and IR emission signatures, such as a kilonova afterglow or infrared dust echo, but find our limits

are not constraining in these contexts. We use the new data to construct deep optical and infrared
stacks, reaching limits of M = −6.3 to −4.6 mag, to analyze the local environment around AT 2017gfo
and low surface brightness features in its host galaxy NGC 4993. We rule out the presence of any

globular cluster at the position of AT 2017gfo to 2.3× 104 L�, including those with the reddest V −H
colors. Finally, we analyze the substructure of NGC 4993 in deep residual imaging, and find shell
features which extend up to 71.8′′ (14.2 kpc) from the center of the galaxy. We find that the shells
have a cumulative stellar mass of 6.3 × 108 M�, roughly 2% the total stellar mass of NGC 4993, and
mass-weighted ages of >3 Gyr. We conclude that it was unlikely the GW170817 progenitor system
formed in the galaxy merger, which based on dynamical signatures and the stellar population in the
shells mostly likely occurred 220–685 Myr ago.
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1. INTRODUCTION
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The discovery and localization of the binary neutron
star (NS) merger GW170817 (Abbott et al. 2017a,b)
from a gravitational wave (GW) signal and its optical

counterpart enabled the first detailed study of this rare
phenomenon. The electromagnetic counterpart to this
event was initially identified from a short γ-ray burst
(GRB; Goldstein et al. 2017) called GRB 170817A, con-

ar
X

iv
:2

10
9.

06
21

1v
1 

 [a
st

ro
-p

h.
H

E]
  1

3 
Se

p 
20

21
FERMILAB-PUB-21-817-V

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S. Department of Energy, Office of 
Science, Office of High Energy Physics.

http://orcid.org/0000-0002-5740-7747
http://orcid.org/0000-0002-7374-935X
http://orcid.org/0000-0003-0526-2248
http://orcid.org/0000-0001-6755-1315
http://orcid.org/0000-0002-2028-9329
http://orcid.org/0000-0002-6011-0530
http://orcid.org/0000-0001-8340-3486
http://orcid.org/0000-0003-2539-8206
http://orcid.org/0000-0002-8297-2473
http://orcid.org/0000-0002-9392-9681
http://orcid.org/0000-0002-7706-5668
http://orcid.org/0000-0003-2349-101X
http://orcid.org/0000-0002-8297-2473
mailto: ckilpatrick@northwestern.edu


2 C. D. Kilpatrick

firming the hypothesis that NS mergers are sources of
these high-energy astrophysical phenomena and launch
relativistic jets (Lattimer & Schramm 1976; Li &
Paczyński 1998; Metzger et al. 2010). GRB 170817A
was followed 11 hours later by the discovery of a kilo-
nova, or an optical transient powered by the radioactive
decay of r-process elements synthesized in the merger’s
neutron-rich ejecta (called AT 2017gfo; Coulter et al.
2017; Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Kilpatrick et al. 2017; Tanvir et al.
2017; Troja et al. 2017). When the counterpart became
visible 111 days after merger and after Sun constraint,
its optical and infrared (IR) emission appeared domi-
nated by a broadband, synchrotron-powered afterglow
from a relativistic and structured jet (Alexander et al.
2018; Lazzati et al. 2018; Lyman et al. 2018; Margutti
et al. 2018; Mooley et al. 2018; Troja et al. 2018; Fong
et al. 2019), also observable at early times in both the
radio and X-ray bands (Alexander et al. 2017; Haggard

et al. 2017; Hallinan et al. 2017; Margutti et al. 2017;
Troja et al. 2017).

Hubble Space Telescope (HST ) imaging and spec-
troscopy of GW170817 contributed significantly to anal-

ysis of the kilonova (Cowperthwaite et al. 2017; Kasliwal
et al. 2017; Tanvir et al. 2017; Troja et al. 2017), GRB
afterglow (Lyman et al. 2018; Fong et al. 2019; Lamb

et al. 2019), and its S0 host galaxy NGC 4993 (Blan-
chard et al. 2017; Coulter et al. 2017; Kilpatrick et al.
2017; Levan et al. 2017; Palmese et al. 2017; Pan et al.

2017). Despite being the closest known NS merger to
date at ≈40 Mpc, optical and near-IR emission from
GW170817 faded below the detection thresholds of the
largest ground-based telescopes due to a combination

of poor observability, intrinsic faintness (>26 mag) and
contaminating light from its bright host galaxy. Thus,
all optical detections and the most constraining up-

per limits on AT 2017gfo at >100 days have been en-
abled by HST (Figure 1). This large, homogeneous
set of high-resolution imaging, spanning serendipitous
archival imaging from months before the merger, to ex-
haustive follow-up campaigns years after detection of the
GW170817, uniquely probes its optical light curve, local
environment, and faint features in the host galaxy.

HST optical light curves enabled constraints on the
bulk energetics, ejecta velocity, and opacity of kilonova
ejecta, which was observed in distinct “blue” and “red”

components at early and late-times, respectively (Cow-
perthwaite et al. 2017; Tanvir et al. 2017; Troja et al.
2017). The latter component indicates that kilonovae
produce a significant mass of lanthanides in their ejecta
and may account for the bulk of heavy element produc-

tion in the “third peak” of r-process production (Kasen
et al. 2017; Metzger et al. 2017).

Combined with contemporaneous data obtained in the
radio and X-ray bands, the HST data of AT 2017gfo be-
yond ≈ 100 days primarily probe the jetted, relativistic
outflow from the NS merger. These light curves exhib-
ited a constant spectral index for the first ≈900 days
with a peak at 160 days followed by a relatively rapid
decline (Margutti et al. 2017; Lyman et al. 2018; Lamb
et al. 2019; Fong et al. 2019). Modeling of these data
are best described by a structured jet with a relatively
narrow, collimated core (3–5◦) and a wider-angle out-
flow moving at slower velocity (Alexander et al. 2017;
Margutti et al. 2017; Wu & MacFadyen 2018; Ha-
jela et al. 2019; Wu & MacFadyen 2019; Margutti &
Chornock 2020). However, variations in the spectral in-
dex at 1234 days post-merger as seen in recent X-ray

detections suggests that the structured jet is evolving
or some new emission component, such as a relativistic
shock from the slower-moving kilonova ejecta, is begin-

ning to dominate the afterglow light curve (Hajela et al.
2020; Balasubramanian et al. 2021; Hajela et al. 2021;
Troja et al. 2021). With the exception of HST/F606W

data (Fong et al. 2019), optical and near-IR measure-
ments of the faint afterglow luminosities were performed
without deep template images, introducing uncertain
contributions from the host galaxy.

The joint set of HST observations also enabled the
highest resolution analysis of the local environment
around AT 2017gfo, globular clusters proximate to its

merger site, and the global properties of NGC 4993.
Some of the most intriguing features of this galaxy are
the shells of gas and stars extending ≈13 kpc from the
center of the galaxy (Blanchard et al. 2017; Palmese

et al. 2017; Ebrová et al. 2020), whereas the projected
separation of AT 2017gfo is only 2.2 kpc. These shells
likely indicate a merger between NGC 4993 and a less

massive galaxy within the past few hundred million
years (Palmese et al. 2017; Ebrová et al. 2020). This
inference is based on the relatively limited amount of
HST imaging that was available within 2 years from the
event. Detailed analysis of all HST imaging obtained
since then could reveal additional, fainter shells interior
or exterior to the primary structure. There is currently
over 140 ks of wide-band HST imaging from the ultra-
violet (UV) to near-IR (Table 1), and a more detailed
analysis of the shell structures’ overall morphology, lu-
minosity, and colors can constrain the time since they
were accreted, their mass, and age of the associated stel-
lar population.

Here we present all HST observations of AT 2017gfo

and its host galaxy obtained to date, including new data:
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14 orbits of Wide Field Camera 3 (WFC3) F814W,
F110W, F140W, and F160W imaging obtained from
Jan. to Feb. 2021. Throughout this paper, we as-
sume a line-of-sight Milky Way reddening to AT 2017gfo
and NGC 4993 of E(B − V ) = 0.109 mag (Schlafly &
Finkbeiner 2011). All magnitudes given throughout this
paper are on the AB magnitude system (Oke & Gunn
1983). All dates and times are given in Coordinated
Universal Time (UTC).

2. OBSERVATIONS

We retrieved all observations of GW170817/AT2017gfo
from the MAST archive across all filters, spanning from
around 5 to 1285 days after merger (observer frame;
note that in Table 1 and for figures showing the light
curve we provide the epoch in rest-frame days), as well

as the pre-merger HST/ACS image from 2017 Apr. 28.
These observations used 12 different filters from the UV
to the IR bands, and they include data from the Ad-

vanced Camera for Surveys (ACS) Wide Field Camera
(WFC) and the Wide Field Camera 3 (WFC3) UVIS
and IR detectors. In particular, we present new WFC3
observations from 2021 Jan. 4 to Feb. 22 under Pro-

gram 15886 (PI: Fong) in the F814W, F110W, F140W,
and F160W filters (see Table 1). The primary purpose
of these late-time observations is to serve as “template

images” for the image subtraction procedure (discussed
in Section 2.1) in these bands. The new templates com-
prise 3–4 orbits in each band, for a cumulative on-source
exposure time of 7.8–10.4 ks in each visit.

Starting with the flc (for WFC3/UVIS and
ACS/WFC) and flt (for WFC3/IR) files, we reduced
all observations using the hst123 analysis and reduc-

tion code1 as described in Kilpatrick et al. (2021a). We
first combine images from every unique visit and band
as listed in Table 1. We used astrodrizzle to opti-
mally stack and regrid each WFC3/UVIS observation to
a pixel scale of 0.05′′ pix−1 and each WFC3/IR obser-
vation to 0.064′′ pix−1 with driz sep pixfrac=0.8 and

final pixfrac=0.8. We also used drizzlepac.photeq

to ensure a uniform photometric zeropoint across both
WFC3/UVIS chips before image combination. In this
way, photometric precision is preserved in the combined
images, which are known to exhibit 0.4% root-mean-
square photometric variation compared with the original
flux-calibrated HST images (see discussion in Fruchter
& Hook 1997, 2002; McMaster et al. 2008).

We show an IR three-color image (F110W, F140W,
F160W) comprised of the template images, and single-

1 https://github.com/charliekilpatrick/hst123

filter zoomed versions centered on the location of
GW170817/AT2017gfo in the F814W, F110W, F140W,
F160W filters in Figure 1. The lack of any apparent
source at the transient location means that they can
be adequately used for templates against which we can
subtract any earlier imaging (Section 2.1).

In addition to creating stacks for each unique visit, we
create “deep stacks” by combining every available image
observed in the F606W, F814W, F110W, F140W, and
F160W filters (bottom five rows of Table 1). We use
these “deep stacks” of NGC 4993 for our analysis of the
galaxy structure and environment (Section 5).

2.1. Photometry and Image Subtractions for
AT 2017gfo

We performed photometry in every flc/flt frame
(for ACS/WFC, WFC3/UVIS, and WFC3/IR where ap-

propriate) using dolphot (Dolphin 2016). Our reduc-
tions followed standard recommendations for each im-
ager as described in dolphot (Dolphin 2016) and hst123

(Kilpatrick et al. 2021a). We use this photometry for

imaging without late-time templates or images where
AT 2017gfo is detected at >20σ, which comprise every
detection between 22–29 Aug. 2017 and is reported in

Table 1.
For the remaining data in which AT 2017gfo is de-

tected at<20σ, comprising observations obtained from 6
Dec. 2017 through 14 Aug. 2018, we report photometry

derived from subtracted imaging, which comes primarily
from HST/WFC3. Our F606W photometry, including
all imaging of AT 2017gfo observed by ACS during this

time period, is taken from Fong et al. (2019), which fol-
lows a similar procedure to image subtraction described
below.

Subtracting early- and late-time imaging stacks re-
quires an understanding of the point-spread function
(PSF) shape in both epochs. WFC3 has a relatively sta-
ble PSF with little change in shape observed over 11 yr
of operation. The primary PSF variations are “breath-
ing” modes due to thermal expansion over the orbital
period of the spacecraft. The effect of these changes in
the full-width at half-maximum (FWHM) of the PSF is
largest at bluer wavelengths, with at most 0.3% varia-
tion redward of 8000 Å (Kimble et al. 2008). Other-
wise, the WFC3 PSF in this wavelength range is well

approximated by a Gaussian profile (before pixelation).
Therefore, the difference between two WFC3 frames ob-
served in the same filter and instrumental configuration
is dominated by the current position angle (PA) of the
spacecraft on the sky, which in turn affects the PA of any
non-axially symmetric components of the PSF, such as

the location of diffraction spikes (as in Figure 1, where

https://github.com/charliekilpatrick/hst123
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Table 1. Hubble Space Telescope Photometry of the Ultraviolet, Optical, and Near-Infrared Counterpart to GW170817

Start Date MJD Rest-frame Epoch Instrument Filter Exposure Time Magnitude Magnitude Error

(UTC) (days) (s) (AB mag) (mag)

2017 Apr 28.15a 57871.15321 −110.29 ACS/WFC F606W 348.00 >27.20 –

2017 Aug 22.32 57987.31734 4.74 WFC3/IR F110W 297.69 18.456 0.002

2017 Aug 22.45 57987.44978 4.87 WFC3/IR F160W 297.69 18.033 0.002

2017 Aug 22.86 57987.85647 5.28 WFC3/UVIS F336W 1089.00 25.04 0.104

2017 Aug 22.92 57987.91564 5.33 WFC3/UVIS F225W 1089.00 >26.13 –

2017 Aug 24.77 57989.76747 7.17 WFC3/IR F110W 297.69 19.376 0.003

2017 Aug 25.58 57990.57922 7.97 WFC3/UVIS F606W 452.00 22.467 0.019

2017 Aug 25.60 57990.60205 8.00 WFC3/UVIS F475W 520.00 23.639 0.026

2017 Aug 25.65 57990.65157 8.04 WFC3/UVIS F275W 620.00 >25.62 –

2017 Aug 27.36 57992.35973 9.74 WFC3/UVIS F336W 2200.00 >26.52 –

2017 Aug 27.45 57992.44996 9.83 WFC3/IR F160W 1607.12 19.650 0.003

2017 Aug 27.45 57992.45483 9.83 ACS/WFC F475W 1395.00 24.085 0.021

2017 Aug 27.50 57992.50148 9.88 ACS/WFC F625W 890.00 22.899 0.108

2017 Aug 27.56 57992.56367 9.94 ACS/WFC F775W 740.00 22.186 0.069

2017 Aug 27.60 57992.60180 9.98 ACS/WFC F850LP 680.00 21.557 0.027

2017 Aug 27.63 57992.62637 10.00 WFC3/IR F110W 1309.43 20.490 0.004

2017 Aug 28.88 57993.88414 11.25 WFC3/UVIS F475W 1120.00 24.720 0.057

2017 Aug 28.89 57993.88553 11.25 WFC3/UVIS F606W 768.00 23.651 0.031

2017 Aug 28.94 57993.93794 11.30 WFC3/UVIS F275W 1709.00 >25.82 –

2017 Aug 28.95 57993.95272 11.31 WFC3/UVIS F814W 560.00 22.316 0.030

2017 Aug 29.01 57994.00675 11.37 WFC3/UVIS F336W 946.00 >26.38 –

2017 Aug 29.02 57994.01757 11.38 WFC3/UVIS F275W 1089.00 >26.32 –

2017 Dec 06.02 58093.01904 109.42 WFC3/UVIS F606W 2264.00 26.310 0.190

2017 Dec 06.15 58093.15206 109.55 WFC3/UVIS F814W 2400.00 26.298 0.150

2017 Dec 06.43 58093.42907 109.82 WFC3/IR F140W 4793.86 >25.30 –

2017 Dec 07.42b 58094.41545 110.80 WFC3/IR F160W 4808.67 25.612 0.288

2017 Dec 08.93 58095.93259 112.30 WFC3/IR F110W 7635.25 25.908 0.244

2018 Jan 01.57 58119.57043 135.71 ACS/WFC F606W 2120.00 26.590 0.230

2018 Jan 29.72 58147.71752 163.59 WFC3/UVIS F606W 2372.00 26.500 0.190

2018 Feb 05.67 58154.66997 170.47 WFC3/UVIS F814W 2400.00 26.495 0.194

2018 Feb 05.74 58154.73617 170.54 WFC3/UVIS F606W 2400.00 26.580 0.220

2018 Mar 14.62 58191.62273 207.06 WFC3/UVIS F606W 2432.00 26.610 0.260

2018 Mar 23.89 58200.89223 216.24 ACS/WFC F606W 2120.00 >26.90 –

2018 Jun 10.32 58279.32202 293.91 WFC3/UVIS F606W 5220.00 27.290 0.200

2018 Jul 11.75b 58310.74890 325.04 WFC3/UVIS F606W 14070.00 >27.58 –

2018 Jul 20.35 58319.35419 333.56 ACS/WFC F606W 2120.00 >27.72 –

2018 Aug 08.46 58338.45574 352.47 WFC3/UVIS F814W 5220.00 >27.41 –

2018 Aug 14.94 58344.93633 358.89 WFC3/UVIS F606W 14070.00 27.830 0.290

2019 Mar 24.67b 58566.67373 578.48 ACS/WFC F606W 6728.00 >28.40 –

2021 Jan 04.98 59218.97751 1224.45 WFC3/IR F140W 7823.49 >27.04 –

2021 Jan 06.17 59220.17390 1225.63 WFC3/IR F160W 7823.49 >26.58 –

2021 Feb 07.75 59252.74630 1257.89 WFC3/IR F110W 10423.49 >27.68 –

2021 Feb 22.62 59267.61813 1272.62 WFC3/UVIS F814W 7940.00 >27.20 –

– – – WFC3+ACS F606W 64212.00 >28.80c –

– – – WFC3/UVIS F814W 18520.00 >28.60c –

– – – WFC3/IR F110W 19963.56 >28.07c –

– – – WFC3/IR F140W 12617.34 >27.58c –

– – – WFC3/IR F160W 14536.96 >26.81c –
Upper limits correspond to 3σ confidence.

aThis is the only pre-merger epoch of HST imaging (see discussion for upper limits in Kilpatrick et al. 2017).
bWe combine imaging in the same band and obtained 1–7 days apart: 2017 Dec 6 and 2017 Dec 8 (F160W), 2018 Jul 10 and 2018

Jul 13 (F606W), 2019 Mar 21 and 2019 Mar 27 (F606W; see also Fong et al. 2019).
c Limits on a source within 2′′ of GW170817 across all HST imaging as discussed in Section 2.2.
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Figure 1. Three-color HST WFC3/IR imaging of a 120.9×116.8 arcsec2 region covering site of GW170817 in F160W (red),
F140W (green), and F110W (blue), comprised of all data taken to date in these bands. The black box represents the region
highlighted by the sub-panels centered on AT2017gfo, a 9.1×7.9 arcsec2 region in F814W, F110W, F140W, and F160W from
the latest epochs in each band (obtained on 22 Feb, 7 Feb, 4 Jan, and 6 Jan 2021, respectively, as described in Table 1).
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the PA was ≈110◦). Thus in order to match PSF shape
between imaging observed at different epochs, we use a
relatively simple, Gaussian convolution kernel.

For all F814W, F110W, F140W, and F160W imaging,
which comprise our late-time imaging where AT 2017gfo
is detected at <20σ, we follow a similar procedure to
Fong et al. (2019) using hotpants (Becker 2015) to sub-
tract our template images from the combined imaging in
each visit. The specific parameters used in each subtrac-
tion were varied in order to reduce the root-mean-square
residuals from stars observed close to AT 2017gfo, but
in general our default parameters are bgo=0.1, ko=0.05,
and nsx=nsy=5. In all cases, we convolve and normalize
the input image to the template image (i.e., c=t, n=t).
These parameters are similar across both WFC3/UVIS
and WFC3/IR imaging. We show example subtractions
from all four bands in Figure 2.

After image subtraction, we derive photometry for
AT 2017gfo in all four bands by empirically recon-

structing the instrumental PSF from isolated stars in
the original science image using the python-based tool
photutils. We then perform forced PSF photometry
at the position of AT 2017gfo, which is derived by align-

ing each frame to early-time imaging of the kilonova.
Photometric uncertainties were calculated from the χ2

of the profile fit following methods described in Stetson

(1987). All detections of the afterglow from subtracted
imaging are reported in Table 1.

2.2. Upper Limits on Emission near AT 2017gfo

For several epochs, we do not detect any significant

(>3σ) emission when performing forced photometry at
the location of AT 2017gfo. In these cases, we place up-
per limits on the presence of any optical or near-IR coun-

terpart with the FakeStars procedure in dolphot. Fol-
lowing procedures described in Kilpatrick et al. (2017),
we injected 1,000 sources into magnitude bins of 0.1 mag
from 20–30 mag (i.e., 100,000 sources in total) around
the location of AT 2017gfo in that frame. We var-
ied the position of each source randomly by drawing a
Gaussian random variable centered at (x,y)=(0,0) and
with a Gaussian FWHM=PSF/

√
theoretical S/N for

that source. We then determined the magnitude thresh-
old at which >99.7% of sources were recovered at >3σ,
which we consider to be the limiting magnitude for that
visit as reported in Table 1.

We repeated this procedure independently both for
the template images and deep stacks. In the latter
case, instead of injecting sources at the location of
AT 2017gfo, we instead injected them randomly within a
2′′ radius of that position. In this way, we avoid biasing

our magnitude limit with residual flux from AT 2017gfo

in each of the frames we stacked. Thus we consider
the limiting magnitude for the deep stacks to be the
threshold at which we can detect point-like sources near
AT 2017gfo, rather than AT 2017gfo itself. All of these
limits are reported in Table 1.

3. THE COMPLETE HST LIGHT CURVE OF THE
GW170817 COUNTERPART

We confirm previous HST detections of AT 2017gfo
observed after 2017 Dec. 6 (e.g., in Lyman et al. 2018;
Margutti et al. 2018; Troja et al. 2018; Lamb et al. 2019;
Ryan et al. 2020) in our difference imaging. In addition,
the use of deep template imaging in our subtractions
uncovers four new detections (Figure 2 and Table 1) in
F814W (2017 Dec. 6 and 2018 Feb. 6), F110W (2017
Dec. 9), and F160W (2017 Dec. 7). Below we compare
the HST light curve of AT 2017gfo to models of kilonova
and GRB afterglow emission. We also consider emission
components not previously observed in the optical or

near-IR but that can be constrained by our new limits,
including late-time changes in the afterglow spectral in-
dex (as in Balasubramanian et al. 2021; Hajela et al.

2021; Troja et al. 2021) and an infrared dust echo (Lu
et al. 2021). All model magnitudes, wavelengths and
dates discussed are given in the rest-frame accounting
for the redshift and luminosity distance to NGC 4993

(z = 0.00980 and 40.7 Mpc as in Cantiello et al. 2018)
and assuming a merger time of 2017 Aug. 17 12:41:04
(Abbott et al. 2017a).

3.1. The Kilonova Light Curve Before 2017 August 30

The kilonova emission of AT 2017gfo dominated the

observed UV, optical and near-IR light at rest-frame
epochs of . 12 days (2017 Aug. 30), after which the
field went into Solar conjunction. The kilonova of

AT 2017gfo was inferred to have multiple components
to its UV to near-IR light curve following a thermal,
radioactively-heated prescription as in Arnett (1982).
These two components are commonly referred to as

“blue” and “red” (see, e.g., Metzger et al. 2010; Barnes
& Kasen 2013; Kasen et al. 2013; Barnes et al. 2016),
based on a rapidly-declining component with opacity
κ ≈ 1 cm2 g−1 observed that dominated the spec-
tral energy distribution (SED) within 2 rest-frame days
of merger and a longer-lived component with κ ≈ 5–
10 cm2 g−1 observed at later times (Arcavi et al. 2017;
Andreoni et al. 2017; Cowperthwaite et al. 2017; Drout
et al. 2017; Lipunov et al. 2017; Kasliwal et al. 2017; Kil-
patrick et al. 2017; McCully et al. 2017; Metzger et al.

2017; Nicholl et al. 2017; Smartt et al. 2017; Soares-
Santos et al. 2017; Tanvir et al. 2017; Utsumi et al. 2017;
Valenti et al. 2017; Villar et al. 2017). The characteri-
zation of the kilonova at these very early epochs was led



GW170817 with HST 7

E

NF110W 
2017-12-08.93
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Figure 2. Difference imaging centered on the location of AT 2017gfo in F814W, F110W, F140W, and F160W from after 2017
Dec 6. The template imaging used in subtractions consists of stacked imaging obtained after 2021 Jan 4 (Program GO-15886,
PI Fong; see Table 1). We performed forced PSF photometry at the location of AT 2017gfo (noted with orange lines in all
frames) as described in Section 2.1 and obtain detections of AT 2017gfo in F110W (upper left), F160W (upper right), F814W
on 2017 Dec. 6 (lower left), and F814W on 2018 Feb. 5 (lower middle). In the remaining two subtractions, we calculate upper
limits at the site of AT 2017gfo as described in Section 2.2.

by ground-based campaigns and the Neil Gehrels Swift
Observatory (Swift), but at UV wavelengths AT 2017gfo
had faded below the threshold detectable by Swift once

HST started to observe (Figure 3).
The earliest set of HST observations occurred at
≈ 4.7 − 5.3 days after merger, spanning the UV to

near-IR bands. First, these observations enabled the
only detection at UV wavelengths (F336W) at >3 days
from merger (whereas most of the UV detections be-
fore this epoch came from Swift/UVOT as in Cowperth-
waite et al. 2017; Drout et al. 2017; Evans et al. 2017),
providing an important anchor on the blue component.
Subsequent HST observations also provided the deepest
and latest constraints on this blue component emission.
Second, HST probed the more slowly-evolving, red kilo-
nova emission with multi-band observations continuing
to ≈ 12 days.

To characterize the red and blue kilonova components
of AT 2017gfo in the early-time HST data before 2017
August 30, we adopt the kilonova SEDs of Kasen et al.
(2017). As in Kilpatrick et al. (2017), we use two models
to characterize both kilonova components, consisting of
a blue component with an ejecta mass Mej = 0.025 M�
of ejecta moving with an ejecta velocity vk = 0.25 c. The

ejecta composition is broadly characterized by a lan-
thanide fraction Xlan defined as the ratio of the mass of
heavy lanthanide species (Z=57–71) to the total ejecta

mass (see, e.g., Kasen et al. 2013; Barnes & Kasen 2013).
For the blue kilonova model, this corresponds to a radial
gradient in Xlan with log(Xlan) = −6 in the outer layers
and increasing to a higher but still low log(Xlan) = −4

in the center (see Kasen et al. 2017; Kilpatrick et al.
2017, for details). The red kilonova model is simply
characterized by Mej = 0.035 M�, vk = 0.15 c, and
log(Xlan) = −2. The parameters used here for the
two kilonova components are broadly consistent with
other studies and the corresponding light curves are well

matched to the HST data.
We also combined the time-varying SEDs from these

models and smoothed them over a window of 100 Å
while masking out spectral bins where the flux drops to
zero. We then passed the predicted spectrum at each
time through the filter transmission functions for each
ACS/WFC, WFC3/UVIS and WFC3/IR band. We
overplot these models for the bands in which AT 2017gfo
was observed on the left side of Figure 3. In addi-
tion, in Figure 4 we show example SEDs at times when
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Figure 3. Our HST photometry (circles) of AT 2017gfo from Table 1. All limits and detections are calculated in this publication
apart from F606W detections from after 6 Dec. 2017, which come from Fong et al. (2019). For comparison to the early-time
HST observations, we plot contemporaneous detections of AT 2017gfo (squares) from Villar et al. (2017) obtained in filters
with comparable filter transmission to those on ACS/WFC, WFC3/UVIS, and WFC3/IR, including H (F160W), J (F110W),
I (F814W), V (F606W), and g (F475W; originally presented in Arcavi et al. 2017; Andreoni et al. 2017; Coulter et al. 2017;
Cowperthwaite et al. 2017; Dı́az et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal et al. 2017; Pian et al. 2017; Smartt
et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Utsumi et al. 2017).

there were more than two broadband HST constraints
on AT 2017gfo over a span of 1 day.

As shown in previous work on AT 2017gfo (Arcavi
et al. 2017; Cowperthwaite et al. 2017; Drout et al.
2017; Kilpatrick et al. 2017; Smartt et al. 2017; Villar
et al. 2017), the best-fitting model suggests that the to-
tal luminosity transitioned from blue- to red-kilonova
dominated at around 3 rest-frame days from merger.

Thus all HST observations, which start at 4.74 rest-
frame days, occurred at a time when the vast majority
of kilonova emission were well-characterized by our red
kilonova model.

The only exceptions are the optical and UV bands
where a rapidly-declining blue tail of the kilonova spec-
tral energy distribution was observed from around 5 to
11 rest-frame days from merger (Figure 3 and Figure 4).
While the HST observations probed timescales when the

red kilonova component was dominant, they also pro-
vided the only constraints on the rapidly-declining blue
tail. These data can uniquely probe this component
of the kilonova at later times and its physical origin,
which is still largely unsolved but may be due to en-
ergy injection from a long-lived NS remnant that lowers

the electron fraction in the bluer ejecta (Lippuner et al.
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Figure 4. The spectral energy distribution of the kilonova (rest-frame days 5.06–11.31) and GRB afterglow (110.38–170.50
days) components of AT 2017gfo as constrained by HST detections and upper limits (circles) and described in Section 3.1 and
Section 3.2. The horizontal error bars correspond to the equivalent rectangular width of the corresponding filter as described in
Rodrigo et al. (2012). We overplot the average kilonova and GRB afterglow models for data obtained within ±0.5 day of the
average day given next to each model. For the first model at 5.06 days (violet), there are two kilonova models from Kasen et al.
(2017) within this time range, which are plotted as a shaded region between the brighter (upper) and fainter (lower) model.

2017), or possibly from accretion outflows from a disk
that forms around the merger (Miller et al. 2019).

3.2. The GRB Afterglow Light Curve After 2017
December 6

After the field once again became observable with
HST at > 100 rest-frame days from merger, the optical
and near-IR emission from AT 2017gfo was dominated
by GRB afterglow (Lyman et al. 2018; Mooley et al.
2018; Troja et al. 2018; Fong et al. 2019; Lamb et al.
2019). Novel to this work are the late-time templates
described in Section 2, which enabled four new detec-
tions in F814W, F110W, and F160W. To compare our

updated photometry and upper limits from AT 2017gfo
at these epochs, we compare its HST light curve to the
afterglow model based on an off-axis relativistic struc-
tured jet and presented in Hajela et al. (2019). We adopt
the updated parameters of Hajela et al. (2021) for a rel-
ativistic structured jet viewed at an angle of θobs = 23◦

and interstellar medium density n0 = 0.01 cm−3. We

choose these models for comparison over other afterglow

models (e.g., JetFit models in Wu & MacFadyen 2018,
2019, with θobs ≈ 30◦) because the predicted obser-

vation angle is consistent with independent constraints
from superluminal motion in the relativistic jet (≈20◦

in Mooley et al. 2018).
The resulting optical and near-IR light curves are

shown on the right side of Figure 3 with the correspond-
ing spectral energy distributions in Figure 4. These
models are relatively good fits to the observed HST data,
with minimal inverse-variance weighted average residu-
als of 0.1 mag compared with measurement uncertainties
in each detection of 0.15–0.29 mag.

Consistent with the findings of Fong et al. (2019),
Lamb et al. (2019), and Hajela et al. (2019), we find no
evidence for a change in spectral shape across the optical
and near-IR spectral energy distribution (Figure 4). Our
best constraints come from the afterglow light curve at
109.6 and 170.5 rest-frame days from merger, with two
and three detections over a span of ≈2 days, respec-

tively. In both cases, the observations are consistent
with a constant spectral index of fν ∝ ν−0.6, reinforcing
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the broader constraints from radio to X-ray observations
(Hajela et al. 2019) and a lack of any synchrotron cur-
vature at intermediate frequencies.

3.3. Constraints on a Kilonova Afterglow

Recent detections of AT 2017gfo by Chandra at 0.3–
10 keV suggest that the spectral index of the afterglow
is changing even as it fades (Hajela et al. 2020; Bala-
subramanian et al. 2021; Hajela et al. 2021; Troja et al.
2021). The cause of this change in spectral index has
been attributed to changes in the density of the cir-
cumburst medium, shock velocity, or microphysical pa-
rameters where the afterglow originates (Granot et al.
2018) or a new emission source arising from interac-
tion between the slower kilonova ejecta and circumburst
medium (called a “kilonova afterglow,” e.g., Hajela et al.
2019).

Although we do not detect AT 2017gfo in the latest
HST observations, in principle these limits can be used
to constrain the presence and nature of a kilonova after-

glow (Kilpatrick et al. 2021b). Following a similar anal-
ysis to Hajela et al. (2021), we use each of our HST opti-
cal limits to constrain the optical to X-ray spectral index

βOX (where Fν ∝ ν−βOX ) implied by the 0.3–10 keV X-
ray detection of AT 2017gfo at ≈1234 days, which had
FX = 2.47+0.62

−0.91 × 10−15 erg cm−2 s−1. Based on our
optical limits, the strongest constraints on βOX comes

from the F110W limit, which implies that βOX . 0.85.
This is moderately more constraining than the spec-

tral index implied by F140W presented in Hajela et al.

(2021) but significantly steeper than the spectral in-
dex implied by an afterglow spectrum with no evolu-
tion (∝ ν−0.6) let alone the shallower spectrum implied
by radio measurements (Balasubramanian et al. 2021).

Without >2 mag rebrightening in the overall light curve
of AT 2017gfo, it is unlikely that new optical observa-
tions will be constraining for the future evolution of this

specific emission model.

3.4. Constraints on an Infrared Dust Echo

Our new late-time constraints on AT 2017gfo can pro-
vide unique constraints on IR dust echoes from the GRB
afterglow (similar to those observed for supernovae and
tidal disruption events, e.g., Graham et al. 1983; Jiang
et al. 2021). IR dust echoes may be observed from the
interaction between UV emission from the GRB after-
glow and a sufficiently dense shell of dust proximate to
the NS merger. As demonstrated in Lu et al. (2021),

a shell of dust surrounding the merger would be subli-
mated up to some radius (rsub) at which point radiation
from the afterglow can no longer heat dust grains above
their sublimation temperature. For an off-axis afterglow

Figure 5. Model light curves for infrared dust echoes as-
suming a circum-merger density of nH = 1 cm−3, θobs = 20◦

and in F110W, F140W, and F160W. We compare these light
curves to our detections and limits on AT 2017gfo at ≈0.3
and 3 rest-frame years post-merger.

with a viewing angle θobs, the timescale on which an IR
dust echo from the heated dust grains becomes visible is
therefore t = rsub/c (1− cos θobs), which for θobs = 20◦

and rsub = 6 pc could be as long as 1.2 yr.
We show our limits compared with expected light

curves for IR dust echoes in F110W, F140W, and
F160W in Figure 5. The comparison light curves are

constructed from the model presented in Lu et al.
(2021)2. They are parameterized primarily by the den-
sity of gas in the circum-merger medium, which was

measured to be nH ≈10−5–10−2 cm−3 depending on
the exact afterglow model and microphysical parame-
ters assumed (Margutti et al. 2018; Wu & MacFadyen

2018; Hajela et al. 2019; Wu & MacFadyen 2019). We
note that we have assumed that the afterglow has initial
UV luminosity of LUV = 3× 1047 erg s−1 that peaks on
a timescale of tmax = 300 s as in Lu et al. (2021). For
this model, our limits do not extend below the predicted
flux for IR dust echoes propagating through an environ-
ment with nH = 1 cm−3, and since Lν ∝ nH we do
not constrain this emission mechanism for realistic con-
ditions around GW170817. However, we note that the
predicted light curve peaks on later timescales in red-
der bands, and so observations with the James Webb

Space Telescope may be able to detect a IR dust echo
for GW170817 in the future.

4. LIMITS ON STARS AND UNRESOLVED
STELLAR CLUSTERS

2 From code available at https://github.com/wenbinlu/dustecho.

https://github.com/wenbinlu/dustecho
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Figure 6. Our F606W (V -band) absolute magnitude and
F606W-F160W (V − H) color limits at the distance of
NGC 4993 (grey region is ruled out). For comparison, we
show the corresponding limit assuming a distance of 200 Mpc
and 330 Mpc (dashed red lines). We place these limits in
the context of photometry of globular clusters modeled from
those in NGC 1399 (green circles; see description in Section 4
and Blakeslee et al. 2012), stellar clusters in the starburst
galaxy M82 (blue circles; here we use F555W photometry as
a proxy for V -band from Li et al. 2015), and sources within
2′′ (≈380 pc) of the site of AT 2017gfo (purple squares).

We take advantage of the deep stacks which reach lim-
its of 26.8–28.8 mag to place stringent limits on stel-
lar sources and unresolved clusters. Previous F606W

imaging ruled out bluer globular clusters (GCs) with
L & 6.7× 103 L� (Fong et al. 2019; see also Lamb et al.
2019), well below the peak of the F606W GC luminosity
function (GCLF) determined for NGC 4993 (Lee et al.
2018). However, observations of nearby quiescent galax-
ies find that GC populations exhibit color bimodalities
(Larsen et al. 2001), with red clusters corresponding to a

metal-rich population (Brodie & Strader 2006). Indeed,
V −H ≈ 0.3− 2 mag was derived for the giant elliptical
galaxy NGC 1399 (Blakeslee et al. 2012).

At the distance of NGC 4993, our deep limit
(Section 2.2) of mF160W &26.8 mag corresponds to
MF160W &−6.2 mag corrected for Milky Way extinc-
tion. To directly compare this to an H-band lumi-
nosity function and place constraints on an unresolved
red GC, we create a representative GCLF by sampling
the VF606 − HF160 GC color distribution of NGC 1399
(Blakeslee et al. 2012), and apply this color correction to

the NGC 4993 GCLF in F606W (Lee et al. 2018). Our
limits rule out redder clusters to L & 2.3 × 104 L�, or
M & 4.6 × 104 M� assuming a standard mass-to-light
ratio of 2M�/L�; only ≈ 0.05% of mass in red GCs are
below this limit. Although this is nominally less con-
straining in luminosity than the previous F606W limit,
we have placed an independent and deep constraint on
reddened clusters.

To place these limits in the context of sources identi-
fied near GW170817, we obtain photometry of 7 point-
like sources within a 2′′ radius (380 pc) of the site of
AT 2017gfo as shown in Figure 6. These objects were
selected from F160W to be point-like (dolphot object
type 1 for “bright stars” Dolphin 2016). Given these se-
lection criteria, they tend to be redder than most cluster
candidates in nearby galaxies and fainter than evolved
massive stars (e.g., from Drout et al. 2009; Li et al.
2015). The brightest two of these sources are consis-
tent with the low end of the GCLF, but otherwise they
all appear too faint to be GCs.

We also show our limits placed at a distance of
200 Mpc and 330 Mpc, which are approximately the
predicted detection ranges for binary NS mergers during

Observing Run 4 and Observing Run 5 (LIGO Scientific
Collaboration et al. 2015; Abbott et al. 2018). High-
resolution optical mapping of future binary NS mergers
using HST-like sensitivity can probe part of the GCLF

and address their potential origin in GCs (Pooley et al.
2003; Rodriguez et al. 2016).

5. SHELL STRUCTURE AROUND NGC 4993

5.1. GALFIT Surface Brightness Modeling

Our deep stacks allow us to characterize the morpho-
logical substructure of NGC 4993 in great detail. To an-
alyze this structure, we used the complete set of F606W,

F814W, F110W, F140W, and F160W imaging, consist-
ing of 63.9, 18.5, 20.0, 12.6, and 14.5 ks, respectively,
at the site of GW170817. Based on the kilonova and
afterglow light curves at the time each individual ex-
posure was obtained, we expect AT 2017gfo to have an
exposure-weighted magnitude of 23.6, 25.9, 22.3, 26.7,
and 21.5 mag in our stacks. This is nominally above
the deep stack detection thresholds from Section 2.2 in
every band. However, the combined kilonova and after-
glow flux is much fainter than the galaxy as a whole and

we mask out emission from point sources, and so we do
not expect this flux to significantly affect the quality of
the model or analysis described below.

In order to isolate the shell structure, we use the
GALFIT software package (Peng et al. 2010) to fit two-
dimensional surface brightness profiles to the smooth
galaxy light from NGC 4993 with a Sérsic model. A
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Figure 7. Our GALFIT subtracted deep stacks of NGC 4993 showing the galaxy’s shell structure in F606W, F814W, F110W,
F140W, and F160W. All images are centered on AT 2017gfo and represent the same 140′′×147′′ region. We indicate the location
of AT 2017gfo in each frame with a blue star. Note that in all frames, light from the diffraction pattern of a bright star (USNOA2
0600-15448796; mV =12.6 mag) is visible on the right-hand side and is unassociated with any shell emission. We mask out these
features in our analysis of the shell features as described in Section 5.2.

Sérsic profile is parameterized by Sérsic index n, effective
radius re, position angle (PA) and ellipticity. When per-

forming these fits, we mask out bad pixels and light from
stars and galaxies in the field using the segmentation
map of sources derived by combining the astrodrizzle

image mask and running SExtractor (Bertin & Arnouts
1996) to identify point-like sources. Due to the large
spatial extent of NGC 4993 in these images, we use
DETECT THRESH = 15 and BACK SIZE = 16 (size of the
mesh in pixels over which the background is estimated)
to prevent masking flux from the galaxy itself. We also
perform a PSF deconvolution using the PSF model de-
scribed in Section 2.

First, we model the surface brightness profile of
NGC 4993 in each of the F606W, F814W, F110W,

F140W and F160W deep stacks. We allow the centroid
of the galaxy and aforementioned parameters to vary
for a single Sérsic profile. Next, we undertake a two-

component fit to better identify and characterize the
large-scale substructure. For the primary component,

we fix the center position from the previous profile and
use the other fitted parameters as input values for a new
fit. For the secondary component, we use a new Sérsic
profile with the same fixed center position and all other
parameters free to vary. The addition of a secondary
component results in an improved residual map and χ2

(by a factor 2–8 in each band) compared to the single
Sérsic case. F606W is the only band that is not well fit
by a double Sérsic profile. We find that the inclusion of a
Sérsic profile modified by a Fourier mode 2 (that distorts
the shape of the 2D ellipsoid) for the secondary profile
improves the fitting compared to standard Sérsic profiles
in F606W. In the near-IR bands (F110W, F140W and

F160W), the fit is further improved by the addition of
a third, PSF-like component at the center to model the
presence of a weak AGN.
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Across all bands, we find that the primary compo-
nent is characterized by n ≈ 2.9–4.4, (representative
of a de Vaucouleurs profile for elliptical galaxies), and
re ≈ 14–18′′, resulting in re ≈ 2.9 − 3.5 kpc at the
distance of NGC 4993. The PA evolves from optical
to near-IR, suggesting the presence of different super-
imposed stellar populations, as also found in Palmese
et al. (2017) using an independent data set. The other
primary component results are also consistent with fits
previously performed in the literature of a single Sérsic
profile (Blanchard et al. 2017; Levan et al. 2017; Palmese
et al. 2017). The secondary component aims at mod-
eling the core of the galaxy, which is not properly ac-
counted for by the primary component. Inclusion of this
secondary component enables a better fit to the galaxy
profile and the detection of shell features closer (<20′′)
to the center of NGC 4993. Modeling of this core com-
ponent is more challenging in the optical bands, where
dust lane obscuration complicates the geometry of the

galaxy more than in the redder bands. In the near-IR
bands F110W, F140W, and F160W, the fitting prefers
a cored, less cuspy component (i.e. a low Sérsic index
n2, see Table 2) close to a Gaussian or exponential disk.

The residual images, as a result of subtracting the
best-fitting light profile, are shown in Figure 7 and the
GALFIT parameters for each frame are given in Table 2.

5.2. Identification of Shell Features around NGC 4993

and Analysis of their Stellar Populations

NGC 4993 was classified as an S0 galaxy and part
of the group LGG 332 (Garcia 1993) with at least two

visible shells (it is also called MC1307-231; Malin &
Carter 1983). As previously shown in both ground-
based (Palmese et al. 2017) and HST observations (Blan-

chard et al. 2017; Levan et al. 2017; Ebrová et al. 2020),
NGC 4993 has clear shell structure in all of our deep
HST stacked imaging (Figure 7). The apparently ran-
dom distribution of shells around NGC 4993 is a char-
acteristic of so-called “Type II” shell galaxies likely in-
dicating a deviation from a perfectly radial orbit for the
merger (as opposed to Type I shell galaxies with axisym-
metric shells distributed in a double cone pattern, e.g.,
Hernquist & Quinn 1988; Sanderson & Helmi 2013; B́ılek
et al. 2015). Ebrová et al. (2020) identify ten distinct
shell features along the major photometric axis of the
optical emission from NGC 4993 using stacked F814W
imaging.

Here we use our GALFIT-subtracted residual imag-

ing to systematically identify shell features at all po-
sition angles around NGC 4993. However, the quality
of our GALFIT model results in large residuals and radial
derivatives in those residuals close (<10′′) to the center

of NGC 4993. We ignore these features in the analy-
sis below, and our detection of shells at the smallest
radial separations from NGC 4993 only extends to fea-
tures observed at the approximate radius of AT 2017gfo
in Figure 7 (10.6′′). The shell features are the most
prominent in the near-IR, and so we use the WFC3/IR
F160W stacked frame with the largest IR spatial foot-
print to systematically identify shells around NGC 4993.

From the residual F160W stacked image, we also mask
out emission due to stars and background galaxies us-
ing our sextractor segmentation map of point-like fea-
tures. To validate that the final shell image was rela-
tively free of emission other than the shells, we visually
inspected the masked image to ensure that there were
no clearly detectable point-like features. We then filled
in all masked pixels flagged by the sextractor segmen-
tation image with the median value for all non-masked

pixels within a 2′′ radius of each masked pixel. Finally,
we rebinned each frame into a grid of 1′′×1′′ pixels rep-
resenting the median pixel value in each cell of the grid

rescaled by the average number of pixels per 1 arcsec2

cell. We repeat this process in each band, binning by
244 pixels for the WFC3/IR frames with 0.064′′ pix−1

and by 400 pixels for the ACS and WFC3/UVIS frames
with 0.05′′ pix−1.

Next we performed aperture photometry using
photutils to estimate the surface brightness of the

shells in each cell of our grid. For F160W, these surface
brightnesses range from 21.0–30.0 mag arcsec−2 with
brighter shells tending to be at smaller projected sepa-

rations from NGC 4993. Finally, we segmented the grid-
ded map of shell surface brightnesses into 24 individual
shell features using a method analogous to CLUMPFIND

(Williams et al. 2011) by identifying groups of local max-

ima in 4′′×4′′ rectangular apertures. From the 24 lo-
cal maxima we identified, we segmented the remaining
pixels into features by identifying adjacent pixels whose

surface brightnesses are within 0.3 mag of the local max-
imum. We iterated on the previous step until no remain-
ing pixels could be found within 0.3 mag of the previous
step.

We emphasize that these shell features are segmented
arbitrarily and do not necessarily correspond to dis-
tinct “shells” as defined in shell-type galaxies or previous
analysis of NGC 4993 (e.g., Malin & Carter 1983; Garcia
1993; Ebrová et al. 2020). Thus we refer to these struc-
tures (which appear to form a double spiral structure
in Figure 8) as “shell features” for convenience. We or-
der each shell feature from largest to smallest projected
separation in Table 3 with that order overlaid on the
F160W image in Figure 8. These features do not have a

one-to-one correspondence with the ten shells identified
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Table 2. GALFIT Parameters for NGC 4993

Band n1 n2 re1 re2 (b/a)1 (b/a)2 PA1 PA2 mPSF

(kpc) (kpc) (deg) (deg) (AB mag)

F606W 3.99 0.08 3.53 0.15 0.870 0.757 -12.2 75.2 –

F814W 4.80 0.13 4.40 0.12 0.848 0.695 -9.4 54.2 –

F110W 4.15 0.18 3.06 0.12 0.820 0.854 -7.6 40.0 10.59

F140W 3.47 0.95 2.97 0.17 0.829 0.834 -8.1 8.3 10.06

F160W 4.38 0.71 2.78 0.13 0.820 0.762 -7.0 30.4 10.76

Note—Morphological parameters estimates for a double Sérsic profile in the
different bands using GALFIT. The subscripts 1 and 2 refer to the first and second
Sérsic component, respectively. In the infrared bands, we include an additional
PSF component to account for the presence of a weak AGN as described in
Section 5.1. This component is characterized solely by the integrated magnitude
(mPSF) provided here in AB mag. The effective radius (re) for both components
is provided in kpc assuming D = 40.7 Mpc to NGC 4993. The model ellipticity is
parameterized by the ratio between the semi-minor and semi-major axes of the
model ellipsoid (b/a). The effective radii re are provided in pixels, the position
angles (PA) in degrees east of north.
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Figure 8. GALFIT-subtracted F160W image of NGC 4993
with masking and binning into 1′′×1′′ cells as described in
Section 5.2. We segment this image into twenty four shell
features ordered from smallest to largest projected separation
from the center of NGC 4993 (red circle), corresponding to
the features given in Table 3. The location of AT 2017gfo is
indicated with a blue star.

in Ebrová et al. (2020) in part because we use F160W as

opposed to F814W, we consider shell features at all po-
sition angles around NGC 4993 rather than those only
along the major photometric axis, and our imaging is
significantly deeper. However, we are confident that this
census of shell emission is complete to the depth of our
masked residual F160W image.

The location of each shell, its photometric properties,

and stellar population properties of each shell derived

Figure 9. The star formation history averaged across all
shell features in NGC 4993. We include the median star
formation rate (SFR) in M� yr−1 (black line) as well as
the limits indicated by the 16th and 84th percentile most
likely SFR (grey region), roughly corresponding to our 1σ
uncertainty. The SFR declines monotonically with time from
its peak rate of ≈ 0.04 M� yr−1 and begins to level off in
the two youngest bins with ages of <262 Myr. For reference,
we draw a dashed line at the point where the predicted SFR
is 1/2 the peak rate where this leveling off begins.

from Prospector (see discussion in Appendix A) are
given in Table 3. The total stellar mass in the shell
features is 6.3+2.6

−1.5× 108 M� or approximately 1.4–2.5%
of the total mass in stars depending on the stellar mass
estimate in NGC 4993 as a whole (3.0–4.5× 1010 M� in
Blanchard et al. 2017; Palmese et al. 2017; Ebrová et al.
2020).

We consistently find a median mass-weighted age
across the shell features of > 3 Gyr, similar to the
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Table 3. Shell Locations, Photometry, and Stellar Population Properties

# rsep PA S̄F160W F606W−F160W F814W−F160W F110W−F160W F140W−F160W log(M∗/M�) log(T∗/yr)

(arcsec) (deg) (mag arcsec−2) (mag) (mag) (mag) (mag)

1 15.8 104.1 23.98 2.05 0.83 0.05 0.06 7.87+0.12
−0.12 9.79+0.13

−0.96

2 17.3 32.7 24.22 1.71 0.96 0.23 0.01 7.45+0.09
−0.09 9.73+0.10

−0.70

3 19.9 316.2 24.10 2.35 1.04 0.15 0.13 7.89+0.15
−0.15 9.82+0.17

−1.21

4 21.3 37.2 23.71 1.51 0.91 0.08 -0.13 7.52+0.21
−0.21 9.77+0.24

−1.43

5 22.1 176.2 24.56 2.00 1.05 -0.03 -0.08 7.66+0.19
−0.19 9.80+0.21

−1.20

6 31.2 92.8 27.42 1.28 0.78 0.27 -0.03 6.02+0.17
−0.17 9.76+0.25

−1.51

7 35.0 156.9 26.15 1.30 0.78 0.09 0.32 6.41+0.17
−0.17 9.74+0.23

−1.08

8 36.5 255.3 25.00 1.97 0.94 0.27 -0.01 7.68+0.14
−0.14 9.79+0.16

−0.90

9 37.4 302.8 25.59 2.03 1.01 0.01 -0.00 6.92+0.18
−0.18 9.79+0.22

−1.24

10 38.0 148.7 26.09 1.50 0.79 0.30 0.26 6.63+0.12
−0.12 9.78+0.16

−0.76

11 38.6 330.7 25.07 2.50 0.94 0.19 -0.11 7.50+0.15
−0.15 9.81+0.17

−1.13

12 43.2 138.0 25.47 2.18 0.88 0.15 -0.04 7.37+0.10
−0.10 9.82+0.12

−0.88

13 45.4 330.6 25.13 1.74 0.84 0.22 0.02 7.35+0.12
−0.12 9.82+0.14

−1.10

14 46.2 290.2 26.30 3.02 0.94 0.44 0.42 6.58+0.11
−0.11 9.84+0.14

−0.88

15 46.4 213.2 26.10 2.03 0.92 0.62 0.45 7.19+0.12
−0.12 9.82+0.14

−0.86

16 47.9 125.2 25.58 1.93 0.93 0.50 0.30 7.29+0.11
−0.11 9.84+0.13

−0.81

17 47.9 182.7 25.74 2.40 0.92 0.69 0.41 7.20+0.14
−0.14 9.83+0.17

−0.94

18 50.0 71.8 26.44 2.14 0.88 0.36 0.18 7.27+0.13
−0.13 9.81+0.15

−1.02

19 51.9 258.9 25.99 1.40 0.85 0.61 1.13 6.75+0.12
−0.12 9.82+0.16

−0.98

20 52.2 295.5 26.39 1.80 0.92 0.26 0.16 6.53+0.15
−0.15 9.61+0.20

−0.64

21 56.0 26.4 25.47 2.24 0.88 0.19 0.02 7.28+0.12
−0.12 9.83+0.15

−0.83

22 59.8 211.8 25.68 2.42 0.99 0.58 0.41 7.64+0.10
−0.10 9.85+0.12

−0.75

23 61.0 299.2 26.78 1.34 0.85 0.60 0.26 6.25+0.13
−0.13 9.83+0.18

−1.14

24 68.0 294.3 27.48 1.40 0.91 0.40 0.16 5.39+0.11
−0.11 9.66+0.17

−1.07

Note—Properties of the 24 shell features we present in Section 5. Here shell # corresponds to the features shown in Figure 8. The projected
separation (rsep) and position angle (PA; east of north) are averaged over each 1′′×1′′ cell in the F160W map and weighted by the F160W
flux. Both quantities are computed with respect to the center of NGC 4993 in our deep F160W image (red circle in Figure 8), which we
measure to be RA=13:09:47.70, Dec=-23:23:02.305 (J2000) in the Gaia DR2 astrometric frame (Lindegren et al. 2018). S̄F160W is the
average surface brightness across each shell in F160W. We also indicate the average colors of each shell, weighted by the flux in F160W, in
F606W, F814W, F110W, and F140W with respect to F160W. M? and T? represent the total stellar mass and median mass-weighted stellar
age, respectively, as determined from our Prospector fits Appendix A and averaged across each shell feature.

smooth galaxy light profile of ≈ 5 − 11 Gyr. We note
that these statistics are limited by our constraints on the
spectral energy distribution blueward of F606W. How-
ever, at most 1.3% of all the stars in the shell features are
< 262 Myr based on the non-parametric star formation
history described in Appendix A. The maximum star
formation rate averaged across all of the shell features
is approximately 0.04 M� yr−1 in the oldest (>4.7 Gyr)
age bin (Figure 9). This is on the low side for the star

formation main sequence at z > 1 (e.g., Noeske et al.
2007) but still within ≈2σ of expectations. The star
formation rate declines monotonically until it levels off
in the youngest two age bins at the current day rate of
≈ 0.02 M� yr−1, roughly half of its peak rate.

5.3. Properties of the Galaxy Merger of NGC 4993

We analyzed the time since first impact of the merger
for the shells identified around NGC 4993 in the context

of the shell radius-age relations derived in Ebrová et al.
(2020) based on the radial profile model from Palmese
et al. (2017). This relation assumes that accreted galax-
ies plunge into their host galaxies on radial trajectories
and stars stripped from the infalling galaxies then move
along close-to radial orbits. Thus the shells correspond
to overdensities of stars near the apocenters of their or-
bits (see also Quinn 1984; Dupraz & Combes 1986). Due
to the energy gradient in the satellite galaxy, the kinetic
energy of the stars forming the shells, and thus the apoc-

enter radii move outward with time, allows us to place
a lower limit on the time from accretion by calculating
the time it would take stars to reach the outermost shell
in the gravitational potential of NGC 4993.

From the largest projected radius at which we de-
tect any shell emission, we can calculate the lookback
time since the merger, where a lookback time of zero
corresponds to the redshift of NGC 4993. The outer-
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most shell radius of 71.8′′(or 14.2 kpc) corresponds to a
minimum lookback time of 220 Myr, comparable to the
200 Myr estimate in Ebrová et al. (2020). We do not
detect any significant emission beyond this radius in our
deep stacked F160W image, and so we are confident that
there are no shell features to deep luminosity and mass
limits (< 106 M�) based on our Prospector analysis.

The star formation history derived in Appendix A for
the shell features levels off after our 262–685 Myr bin,
and 2.5+2.5

−1.3% of the total stellar mass is formed at this
time. We infer from this finding that the merger oc-
curred at most 685 Myr ago, largely depleting the sec-
ondary galaxy of star formation material and resulting
in a small fraction of younger stars in the shell structure.
This finding and the small population of stars with the
youngest ages are still consistent with a relatively “dry”
merger as noted by Levan et al. (2017). The presence of
some additional gas from the merger is also indicated by
the weak AGN observed in Chandra and radio imaging

(Blanchard et al. 2017) and in the WFC3/IR bands. Our
limit on the time since the merger is corroborated by up-
per limit derived from dynamical models performed in
Ebrová et al. (2020), which suggest that the number and

separation between the inner shells is consistent with a
merger timescale of <600 Myr. Although our limit on
the age is less constraining, our independent method di-

rectly probes the stellar population that is likely formed
in the merger, and so we consider the upper age limit to
be <685 Myr below.

Based on the morphological substructure of NGC 4993
and the lower and upper limits on the time from merger
we derived, we consider the true origin of the BNS pro-
genitor of GW170817. Using the total estimated stellar

mass of the shell features as a proxy for the secondary
galaxy in the merger (i.e., the smaller galaxy that was
accreted by NGC 4993), we find a minimum mass ratio

of ≈1:50, classifying the past event as a minor merger.
We note that it is possible that we are not completely
characterizing the stellar mass of the secondary compo-
nent due to geometric orientation of the shells and our
view in projection, a small fraction of the secondary’s
stars not being located in the observed shells (i.e., not
located close to the apocenter of their orbit), and the

limits of our HST observations preclude detection of the
lowest surface brightness features. Still, none of these
reasons would account for a major increase in the mass
ratio.

From simulations, the stellar mass ratios of shell-
forming features are typically at least 1:10, but some-
what lower ratios are occasionally observed (see e.g. Pop
et al. 2018, Figure 8). The incidence of shells is also
more common in isolated galaxies and known to de-

crease in groups or rich clusters Colbert et al. (2001),
and NGC 4993 is part of a group (Garcia 1993).

We conclude that based on the stellar mass in shells,
it is highly improbable that the BNS progenitor of
GW170817 originated from the low-mass secondary
galaxy, and instead originated from the primary. How-
ever, based on the typical delay times of BNS mergers
which extend to several Gyr, and the minimum time
since merger of 220 Myr, it is fully plausible that the
BNS progenitor was formed long before merger. In this
scenario, the galaxy-scale merger may have affected the
ultimate trajectory, orbit, and merger timescale of the
progenitor of GW170817.

6. CONCLUSIONS

We present the full set of HST observations of
GW170817/AT 2017gfo obtained to date including new

template observations obtained from 2021 Jan. 4 to Feb.
22. The full HST data set, representing over 140 ks of
wide-band observations obtained in a range of filters and
instruments, is one of the deepest sets of observations of

.40 Mpc galaxy ever obtained with HST . These ob-
servations have enabled four new detections of the non-
thermal afterglow from 2017 Dec 7 to 2018 Feb 6 as well

as new limits on the presence of optical and near-IR
sources around AT 2017gfo and extended shell emission
in NGC 4993 as a whole.

The new detections of the non-thermal GRB after-
glow, which span from 109–170 rest-frame days post-
merger, remain consistent with an unchanging spectral
index of β ≈ −0.6. However, similar constraints on

the evolution of NS merger counterparts out to later
times (>100 days) can yield insight into their origin and
the processes driving their emission mechanisms, includ-

ing kilonova afterglows (Hajela et al. 2021), magnetar-
boosted events (Fong et al. 2021a), IR dust echoes (Lu
et al. 2021), and variations in the circum-merger density
(e.g., Ramirez-Ruiz et al. 2019).

The limits on sources near AT 2017gfo derived from
the full HST data set are also significantly constraining
for nearby GCs, which have been suggested as a poten-
tial origin for the binary NS progenitor system of the
merger (Belczynski et al. 2018; Baillot d’Etivaux et al.
2019; Ye et al. 2020). We can detect all GCs, including

those with the reddest colors, down to 4.6×104 M�, rep-
resenting the large majority of the GCLF. Future binary
NS mergers, especially those near the distance limit of
the LIGO during Observing Runs 4 and 5, will likely
not have such strong limits on the presence of coinci-
dent GCs. However, even at 200 Mpc, limits similar to
those for AT 2017gfo can rule out 27% of the GCLF, pre-
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cluding an origin from the most massive and luminous
GCs.

The total HST data set also enables the most com-
plete sample of low surface brightness features around
NGC 4993, and in particular the shell structure first
noted in Malin & Carter (1983). These data provide
an observational blueprint for a Type II shell galaxy,
that can be studied irrespective of its connection to BNS
mergers. Using F606W through F160W imaging, we are
able to identify shell structure out to ≈71.8′′, the most
complete census of such emission around NGC 4993 to
date. Fitting this photometry with Prospector stellar
population models, we constrain the total stellar mass in
the shells to be 6.3×108 M�, approximately 2% of that
in NGC 4993 as a whole, with a mass-weighted stellar
age across all of the shells > 3 Gyr. The geometry of the
shells supports an age from 220–600 Myr (Ebrová et al.
2020), and the star formation history of the shells sup-
port a maximum time since merger of ∼685 Myr. Given

the lack of evidence for a very young stellar component
in the shells, we consider it unlikely that the progenitor
of AT 2017gfo originated in this stellar population.
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APPENDIX

A. SHELL STELLAR POPULATION MODELING

We constrained the properties of the stellar population in the NGC 4993 shells using the stellar population inference
code Propsector (Leja et al. 2017; Johnson et al. 2021). This analysis is based on the broad-band photometry from
each of our deep stacked and GALFIT-subtracted images in Section 5. Following the masking and gridding procedure
described in Section 5.2, we gridded each subtracted image into 4′′×4′′ cells. We then performed photometry and
identified 268 such cells in which there was flux detected at >3σ in the F606W, F814W, F110W, F140W, and F160W
frames. This set of photometry formed the basis for 268 independent Prospector fits.

We fit this photometry using a non-parametric star formation history (SFH) with seven age bins, with the first two
spaced from 0–30 Myr and 30–100 Myr, and the remaining five log-spaced in time with an upper limit at the age of
the Universe (13.63 Gyr) at the redshift of NGC 4993. We assumed an initial mass function from Chabrier (2003). In
addition, we adopt a continuity prior as described in Fong et al. (2021b) and originally presented in Leja et al. (2019)
such that the SFH does not sharply deviate from a flat distribution, but otherwise we do not place any constraints on
SFH.

We used this SFH model to fit for a total stellar mass (logM?/M�) and metallicity (logZ?/Z�). We also include
two dust components to model the attenuation of light due to dust in stellar birth clouds and affecting only young
stars (dust1) and attenuation of light in the diffuse interstellar medium (dust2, parameterized as dust2/dust1). Both

parameters can be interpreted as the additional optical depth due to each dust component (see, e.g., Conroy 2013;
Kriek & Conroy 2013; Price et al. 2014). This model is a power-law perturbation from the dust attenuation curve in
Calzetti et al. (2000), and so we fit a power-law index for the attenuation curve for dust1 and dust2, referred to as δ,
for which we adopt a flat prior from −1.0 to 0.4.

For all 268 Prospector fits, we assume the fixed distance and redshift given above and our input photometry was
corrected for Milky Way extinction. We performed the fit in each of the 268 cells by jointly fitting all five bands in
that cell with the nested sampling routine dynesty (Speagle 2020). The in-band magnitudes are inferred for each

WFC3/UVIS or WFC3/IR band using Python-fsps (Conroy et al. 2009; Conroy & Gunn 2010). We adopt an error
floor of 5% in the photometric uncertainties to avoid overfitting to the shell flux in each cell, some of which have
photometric uncertainties <0.01 mag.

To combine the output quantities for each cell into individual shell features as indicated in Table 3 and Figure 8,

we concatenated the sampled parameters for the Prospector fit in each cell. Each stellar mass in the concatenated
samples was rescaled by the total stellar mass inferred across all of the cells we included in that shell feature.

Finally, we note that the 4′′×4′′ cells do not span the same solid angle as the 1′′×1′′ cells we used to segment the

shell emission in Section 5.2. This is due to the fact that we require a >3σ detection in all five photometric bands, and
the shells are detected at higher significance in the F160W band. Therefore, we rescaled the total stellar mass in each
shell feature by the ratio between the F160W flux in the 1′′×1′′ map to the same flux in the 4′′×4′′ map. This ratio
is 1.1–2.5 for each shell, with features at larger projected separations tending to have larger ratios. The final stellar
mass inferred for each shell feature is given in Table 3 along with the median mass-weighted age.
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A&A, 634, A73, doi: 10.1051/0004-6361/201935219

Evans, P. A., Cenko, S. B., Kennea, J. A., et al. 2017,

Science, 358, 1565, doi: 10.1126/science.aap9580

Fong, W., Blanchard, P. K., Alexander, K. D., et al. 2019,

ApJL, 883, L1, doi: 10.3847/2041-8213/ab3d9e

Fong, W., Laskar, T., Rastinejad, J., et al. 2021a, ApJ, 906,

127, doi: 10.3847/1538-4357/abc74a

Fong, W.-f., Dong, Y., Leja, J., et al. 2021b, arXiv e-prints,

arXiv:2106.11993. https://arxiv.org/abs/2106.11993

Fruchter, A. S., & Hook, R. N. 1997, in The Hubble Space

Telescope and the High Redshift Universe, ed. N. R.

Tanvir, A. Aragon-Salamanca, & J. V. Wall, 137

Fruchter, A. S., & Hook, R. N. 2002, PASP, 114, 144,

doi: 10.1086/338393

Garcia, A. M. 1993, A&AS, 100, 47

Goldstein, A., Veres, P., Burns, E., et al. 2017, ApJL, 848,

L14, doi: 10.3847/2041-8213/aa8f41

Graham, J. R., Meikle, W. P. S., Selby, M. J., et al. 1983,

Nature, 304, 709, doi: 10.1038/304709a0

Granot, J., Gill, R., Guetta, D., & De Colle, F. 2018,

MNRAS, 481, 1597, doi: 10.1093/mnras/sty2308

Haggard, D., Nynka, M., Ruan, J. J., et al. 2017, ApJL,

848, L25, doi: 10.3847/2041-8213/aa8ede

Hajela, A., Margutti, R., Alexander, K. D., et al. 2020,

GRB Coordinates Network, 29019, 1

—. 2019, ApJL, 886, L17, doi: 10.3847/2041-8213/ab5226

Hajela, A., Margutti, R., Bright, J. S., et al. 2021, arXiv

e-prints, arXiv:2104.02070.

https://arxiv.org/abs/2104.02070

Hallinan, G., Corsi, A., Mooley, K. P., et al. 2017, Science,

358, 1579, doi: 10.1126/science.aap9855

Hernquist, L., & Quinn, P. J. 1988, ApJ, 331, 682,

doi: 10.1086/166592

Hoffman, S., Hack, W., Avila, R. J., et al. 2021, The

DrizzlePac Handbook (Baltimore: STScI)

Jiang, N., Wang, T., Hu, X., et al. 2021, ApJ, 911, 31,

doi: 10.3847/1538-4357/abe772

Johnson, B. D., Leja, J., Conroy, C., & Speagle, J. S. 2021,

ApJS, 254, 22, doi: 10.3847/1538-4365/abef67

http://doi.org/10.1051/0004-6361/201322068
http://doi.org/10.3847/1538-4357/ab4f6c
http://doi.org/10.3847/2041-8213/abfd38
http://doi.org/10.1088/0004-637X/775/1/18
http://doi.org/10.3847/0004-637X/829/2/110
http://ascl.net/1504.004
http://doi.org/10.1051/0004-6361/201732428
http://doi.org/10.1051/aas:1996164
http://doi.org/10.1139/cjp-2014-0170
http://doi.org/10.1088/0004-637X/746/1/88
http://doi.org/10.3847/2041-8213/aa9055
http://doi.org/10.5281/zenodo.596036
http://doi.org/10.1146/annurev.astro.44.051905.092441
http://doi.org/10.1086/308692
http://doi.org/10.3847/2041-8213/aaad64
http://doi.org/10.1086/376392
http://doi.org/10.3847/2041-8213/aa905c
http://doi.org/10.1086/318758
http://doi.org/10.1146/annurev-astro-082812-141017
http://doi.org/10.1088/0004-637X/712/2/833
http://doi.org/10.1088/0004-637X/699/1/486
http://doi.org/10.1126/science.aap9811
http://doi.org/10.3847/2041-8213/aa8fc7
http://doi.org/10.3847/2041-8213/aa9060
http://ascl.net/1608.013
http://doi.org/10.1088/0004-637X/703/1/441
http://doi.org/10.1126/science.aaq0049
http://doi.org/10.1051/0004-6361/201935219
http://doi.org/10.1126/science.aap9580
http://doi.org/10.3847/2041-8213/ab3d9e
http://doi.org/10.3847/1538-4357/abc74a
https://arxiv.org/abs/2106.11993
http://doi.org/10.1086/338393
http://doi.org/10.3847/2041-8213/aa8f41
http://doi.org/10.1038/304709a0
http://doi.org/10.1093/mnras/sty2308
http://doi.org/10.3847/2041-8213/aa8ede
http://doi.org/10.3847/2041-8213/ab5226
https://arxiv.org/abs/2104.02070
http://doi.org/10.1126/science.aap9855
http://doi.org/10.1086/166592
http://doi.org/10.3847/1538-4357/abe772
http://doi.org/10.3847/1538-4365/abef67


20 C. D. Kilpatrick

Kasen, D., Badnell, N. R., & Barnes, J. 2013, ApJ, 774, 25,

doi: 10.1088/0004-637X/774/1/25

Kasen, D., Metzger, B., Barnes, J., Quataert, E., &

Ramirez-Ruiz, E. 2017, Nature, 551, 80,

doi: 10.1038/nature24453

Kasliwal, M. M., Nakar, E., Singer, L. P., et al. 2017,

Science, 358, 1559, doi: 10.1126/science.aap9455

Kilpatrick, C. D., Foley, R. J., Kasen, D., et al. 2017,

Science, 358, 1583, doi: 10.1126/science.aaq0073

Kilpatrick, C. D., Drout, M. R., Auchettl, K., et al. 2021a,

MNRAS, 504, 2073, doi: 10.1093/mnras/stab838

Kilpatrick, C. D., Fong, W., Hajela, A., et al. 2021b, GRB

Coordinates Network, 29263, 1

Kimble, R. A., MacKenty, J. W., O’Connell, R. W., &

Townsend, J. A. 2008, in Society of Photo-Optical

Instrumentation Engineers (SPIE) Conference Series,

Vol. 7010, Space Telescopes and Instrumentation 2008:

Optical, Infrared, and Millimeter, ed. J. Oschmann,

Jacobus M., M. W. M. de Graauw, & H. A. MacEwen,

70101E, doi: 10.1117/12.789581

Kriek, M., & Conroy, C. 2013, ApJL, 775, L16,

doi: 10.1088/2041-8205/775/1/L16

Lamb, G. P., Lyman, J. D., Levan, A. J., et al. 2019, ApJL,

870, L15, doi: 10.3847/2041-8213/aaf96b

Larsen, S. S., Brodie, J. P., Huchra, J. P., Forbes, D. A., &

Grillmair, C. J. 2001, AJ, 121, 2974, doi: 10.1086/321081

Lattimer, J. M., & Schramm, D. N. 1976, ApJ, 210, 549,

doi: 10.1086/154860

Lazzati, D., Perna, R., Morsony, B. J., et al. 2018, PhRvL,

120, 241103, doi: 10.1103/PhysRevLett.120.241103

Lee, M. G., Kang, J., & Im, M. 2018, ApJL, 859, L6,

doi: 10.3847/2041-8213/aac2e9

Leja, J., Carnall, A. C., Johnson, B. D., Conroy, C., &

Speagle, J. S. 2019, ApJ, 876, 3,

doi: 10.3847/1538-4357/ab133c

Leja, J., Johnson, B. D., Conroy, C., van Dokkum, P. G., &

Byler, N. 2017, ApJ, 837, 170,

doi: 10.3847/1538-4357/aa5ffe

Levan, A. J., Lyman, J. D., Tanvir, N. R., et al. 2017,

ApJL, 848, L28, doi: 10.3847/2041-8213/aa905f
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