
        

Citation for published version:
Piro, L, Zhang, B, Troja, E, Ryan, G, Van Eerten, H, Ricci, R, Wieringa, MH, Tiengo, A, Butler, N, Cenko, SB,
Fox, OD, Khandrika, HG, Novara, G & Sakamoto, T 2019, 'A long-lived neutron star merger remnant in
GW170817: constraints and clues from X-ray observations', Monthly Notices of the Royal Astronomical Society,
vol. 483, no. 2, pp. 1912-1921. https://doi.org/10.1093/mnras/sty3047

DOI:
10.1093/mnras/sty3047

Publication date:
2019

Document Version
Peer reviewed version

Link to publication

This is a pre-copyedited, author-produced version of an article accepted for publication in Monthly Notices of the
Royal Astronomical Society following peer review.  The version of record (citation) is available online at
https://doi.org/10.1093/mnras/sty3047

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1093/mnras/sty3047
https://doi.org/10.1093/mnras/sty3047
https://researchportal.bath.ac.uk/en/publications/d045929e-aaaf-4992-833e-50534c3c8faf


Late-time X-ray activity from the remnant of GW1708171

L. Piro1, E. Troja2,3, B. Zhang4,5,6, G. Ryan2,14, H. van Eerten7, R. Ricci8, M. H. Wieringa9,2

A. Tiengo10,11,12, N. R. Butler13, S. B. Cenko3,14, O. D. Fox15, H. G. Khandrika15, G. Novara10,11,3

T. Sakamoto16
4

1INAF, Istituto di Astrofisica e Planetologia Spaziali, via Fosso del Cavaliere 100, 00133 Rome,5

Italy6

2Department of Astronomy, University of Maryland, College Park, MD 20742-4111, USA7

3Astrophysics Science Division, NASA Goddard Space Flight Center, 8800 Greenbelt Rd, Green-8

belt, MD 20771, USA9

4Department of Physics and Astronomy, University of Nevada, 89154, Las Vegas, NV, USA10

5National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China11

6Department of Astronomy, School of Physics, and Kavli Institute for Astronomy and Astro-12

physics, Peking University, Beijing 100871, China13

7Department of Physics, University of Bath, Claverton Down, Bath, BA2 7AY, UK14

8INAF-Istituto di Radioastronomia, Via Gobetti 101, I-40129, Bologna, Italy15

9CSIRO Astronomy and Space Science, PO Box 76, Epping, New South Wales 1710, Australia16

10Scuola Universitaria Superiore IUSS Pavia, Piazza della Vittoria 15, 27100 Pavia, Italy17

11INAF - IASF Milano, Via E. Bassini 15, 20133 Milano, Italy18

12Istituto Nazionale di Fisica Nucleare, Sezione di Pavia, Via Bassi 6, 27100 Pavia, Italy19

13School of Earth & Space Exploration, Arizona State University, AZ 85287, USA20

1



14Joint Space-Science Institute, University of Maryland, College Park, Maryland 20742, USA21

15Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA22

16Department of Physics and Mathematics, Aoyama Gakuin University, 5-10-1 Fuchinobe, Chuo-23

ku, Sagamihara-shi Kanagawa 252-5258, Japan24

Pairs of neutron stars (NSs) are bound to spiral into each other due to their persistent emis-25

sion of gravitational waves (GWs). Depending on the total mass of the system and the neu-26

tron star equation of state, the final product of the NS-NS merger can be either a black27

hole (BH) or a neutron star. Multi-messenger observations of GW1708171, the first NS-NS28

merger system detected by the LIGO/Virgo Collaboration, have shown general consistency29

with a BH merger product, even though the possibility of a long-lived NS is not ruled out2, 3.30

Here we report the detection of X-ray time variability at ∼155 day since the merger with31

a relative timescale ∆t/t . 0.15 and amplitude ∆F/F ≈ 0.7. Such a feature is analogous32

to X-ray flares detected in the afterglows of nearly half gamma-ray bursts4. Interaction of33

the relativistic outflow with the surrounding medium cannot easily account for the observed34

variability4, 5, 6, which is instead more naturally explained by the late-time activity of the cen-35

tral compact object. At such a late time, an accretion-powered flare7, 8 from a BH is unlikely.36

Our results therefore point towards a long-lived neutron star with a strong toroidal but weak37

poloidal magnetic field9, 10, which ejects a Poynting-flux-dominated outflow.38
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Starting on August 26 201711, X-ray light from the transient GW170817 is being detected39

by NASA’s Chandra X-ray Observatory and, more recently, by ESA’s XMM-Newton satellite.40

This X-ray emission brightened by a factor of five (Extended Data Figure 1) during the first three41

months following the NS merger, reaching a luminosity at peak of ≈4×1039 erg s−1. The temporal42

evolution of the X-ray signal can be described by a power-law rise, LX∝ t0.8, followed by a43

smooth turn-over ≈100 days after the NS merger (Figure 1). The observed emission has been44

widely interpreted as standard afterglow synchrotron radiation visible across several decades in45

energy. This broadband radiation is produced by the interaction of a mildly relativistic outflow46

with a low-density (n . 0.01 cm−2) ambient medium, at large radii (≈1018 cm) from the central47

power source. The shallow rise and broad peak of the X-ray light curve are at odds with the48

most common scenario of a collimated outflow with an uniform distribution of energy and Lorentz49

factors, the so-called top-hat jet. The multi-wavelength dataset requires instead more complex50

models, such as a significant structure in the energy and velocity angular profiles or a persistent51

energy injection into the outflow11, 12, 13. Both these models can reproduce well the long-term52

behavior of electromagnetic emission, from radio to X-ray energies (Figure 1 and Extended Data53

Figure 4).54

On top of this overall trend, X-ray monitoring of the source revealed the presence of time55

variability on a timescale of a few days. Between January 17 and January 28 2018, six consecutive56

X-ray observations measured a variation of ≈ 1.7 ± 0.2 in the X-ray flux (Figure 1, panel b and57

Extended Data Table 1). By using a simple power-law function as our baseline continuum, we58

conservatively estimated the significance of this feature as 99.97% (Extended Data Figure 3 and59
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Methods). A comparable value is derived using theoretical light curves to model the underlying60

continuum (Figure 1).61

X-ray flares are erratic temporal features, commonly seen in GRB afterglows, and often62

attributed to a re-activation of the central power source4, 6. Their emission peaks in the X-ray63

range, and is often undetected at other energies14. Our X-ray observations of GW170817 do not64

sample the entire temporal profile of the candidate flare, thus preventing a detailed comparison with65

the population of GRB X-ray flares. Nevertheless, some of its basic properties can be estimated.66

The similar fluxes measured at 155 and 157 days, followed by a rapid decay phase, suggest that67

the emission peaked around those dates. The peak time, tpk ≈ 156 d, and peak luminosity, Lpk ≈68

2 × 1039 erg s−1, fall within the expected range of values derived by extrapolating the distribution69

of GRB X-ray flares15 to later times (Figure 2). We conservatively estimate the flare width as the70

time interval between the two X-ray observations consistent with the baseline continuum, that is71

t1=137 d and t2=161 d, which yield ∆t .24 d and ∆t/t .0.15. The decay phase observed after72

157 d places a lower limit of ∆t &6 d and ∆t/t &0.04. Such rapid variability places our candidate73

flare in a region that is excluded by most afterglow models5 (Figure 3 and Methods).74

Most naturally, and in analogy with X-ray flares in GRBs, the variability observed in GW17081775

is likely related to a central engine that is still active at late times. Strong support to this scenario76

comes from the so-called “curvature effect” test16. Any flare is bound to follow a temporal decay77

shallower than α = 2 + β, where Fν ∝ t−αν−β and, in our case, β ∼ 0.612. By using the merger78

time as our reference time T0, the measured power law decay slope of the flare is α ∼ 9.9, greater79
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than the predicted value. This is likely due to a mis-identified zero time T0
6. By imposing that80

α = 2 + β ∼2.6 and fitting for T0, we find that T0 is 116+11
−26 d consistent with the hypothesis that81

the central engine was reactivated at late times.82

GW observations constrain the mass of the remnant to < 2.8 M�, but do not break the83

degeneracy between a NS and a BH2. If the final merger product is a BH, then its re-activation84

could be due to either fallback accretion7 or disc fragmentation8. In the former scenario, the85

total fallback power declines as t−5/3 and, for typical ejecta masses of NS mergers, is .1039
86

erg s−1 at 160 d after the merger. This is comparable to the observed X-ray luminosity, and would87

therefore require an unrealistic radiative efficiency in order to accommodate our observations. The88

latter scenario needs the accretion disc to survive for months, which is not expected based on our89

understanding of NS mergers8.90

Depending on the unknown NS equation of state, a supra-massive (supported by rigid rota-91

tion) or even a permanently stable NS can survive after the merger. Due to its rapid differential92

rotation, this post-merger NS likely has a strong toroidal component of the magnetic field and pos-93

sibly also a strong poloidal component17. The untwisting of the toroidal magnetic field may give94

rise to an abrupt injection of outflows with enhanced wind luminosity, and the internal magnetic95

dissipation of such an outflow18 would give rise to flaring emission observable in X-rays, with96

a mechanism similar to GRB X-ray flares 19 or bursts and flares of soft gamma-ray repeaters20
97

(SGRs). We estimate the toroidal component of the magnetic field as follows. The total isotropic-98

equivalent energy of the flare is in the range 7 × 1044 erg < Eflare < 3 × 1045 erg. This is much99
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smaller than the total spin energy of a new-born millisecond pulsar. If one exclusively attributes the100

flare energy to the NS magnetic field energy, then B2R3/6 & 3× 1045 erg. Therefore, the required101

toroidal magnetic field stored in the NS must be Bt & 1014 G, which is reasonably expected17.102

In order to accommodate the available electromagnetic observations, the merger product103

should have a weak poloidal magnetic field21, 3. During the spin-down process (either due to mag-104

netic dipolar radiation or secular GW radiation), a continuous Poynting-flux-dominated outflow is105

launched and adds energy into the ejecta. The dipolar poloidal magnetic field at the NS surface106

should be below ≈ 1012 G in order to satisfy the upper limits set by the broadband observa-107

tions, including the prompt γ-rays, the kilonova emission and the long-term X-ray, optical, and108

radio afterglow3. Such a high-toroidal-B and low-poloidal-B NS is analogous to the source SGR109

0418+5729 that emits magnetar flares10 but has a dipolar magnetic field9 lower than 7.5× 1012 G.110

A long-lived NS is not only allowed, but is also helpful to interpret some of the data. The111

remnant NS deposits extra energy to power the kilonova emission22, 23. This helps to account for the112

early peak and high luminosity of the “blue kilonova”21, otherwise difficult to explain with standard113

model parameters11, 24. Indeed, a NS with initial spin-down luminosity of ∼ 3.4 × 1044 erg s−1
114

at 500 s and a luminosity evolution ∝ t−1 (gravitational wave spindown dominated regime) can115

account for the multi-wavelength evolution of AT2017gfo without the need of introducing a large116

amount of ejecta mass and an unreasonably small opacity24. With these parameters, the spin-down117

luminosity at∼ 1 day is∼ 2×1042 erg s−1, too low to significantly affect the opacity of the merger118

ejecta25. This satisfies the observational constraint of a “red kilonova” component as well as the119
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spectral features of lanthanides elements26, 11.120

If the remnant of GW170817 is a long-lived NS, then the maximum mass of a non-spinning121

NS should be greater than 2.16M�
27, superseding the current lower limit of 2M� set by PSR122

J1614-223028. This new limit would eliminate essentially all the soft neutron star equations of state123

invoking hyperons and boson condensation29 and supports the suggestion30 that a good fraction of124

NS-NS mergers leave behind supra-massive or stable NSs.125
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140

Figure 1 Afterglow temporal evolution for GW170817. a The multi-wavelength dataset141

is compared with theoretical jet models (solid lines). The width of each model curve in-142

dicates the 68% range of confidence. b The X-ray residuals show a temporal feature at143

≈155 d after the merger. Vertical error bars are 1σ. Upper limits (downward triangles)144

are 3σ.145
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146

Figure 2 Comparison with X-ray flares in GRB afterglows. The luminosity and peak147

time of the candidate X-ray flare in GW170817 (red diamond) follow the trend observed148

in GRB X-ray flares. The best-fit relation for GRB X-ray flares15 is shown by the dashed149

line. The shaded areas shows the 1σ (dark grey), 2σ and 3σ (light grey) regions.150
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151

Figure 3 Ioka diagram for X-ray flares. X-ray flares in GRBs (circles) and GW170817152

(red data point) are shown. The horizontal error bar reports the uncertainty in the flare153

duration due to the sparse sampling. The shaded areas show the regions allowed by af-154

terglow models5. Most X-ray flares, including the one observed in GW170817, lie outside155

these regions.156
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Extended Data Table 1 Late time X-ray observations of GW170817. Errors are 1 σ.157

T − T0 Exposure Unabsorbed Flux Energy band Facility

(d) (ks) (10−14 erg cm−2 s−1) (keV)

153 32.1 3.2± 0.4 0.3–10 Chandra

157 16.0 3.2± 0.6 ” ”

160 21.0 2.6± 0.5 ” ”

161 22.5 1.8± 0.4 ” ”

163 110 1.9± 0.2 ” XMM-Newton

165 14.4 1.9± 0.5 ” Chandra

260 96.8 1.4± 0.2 ” ”

158

Extended Data Table 2 Late time HST observations of GW170817. Upper limits are159

3σ. Magnitudes are corrected for Galactic extinction using E(B–V)=0.10531.160

T − T0 Instrument Filter Exposure AB mag

(d) (s)

110 WFC3/UVIS F814W 2400 26.4± 0.2

166 WFC3/UVIS F606W 2372 <26.7

209 WFC3/UVIS F606W 2432 <26.6

161
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Extended Data Table 3 Late time ATCA observations of GW170817. Errors are 1 σ.162

Upper limits are 3σ.163

T − T0 Frequency Bandwidth Configuration Exposure Flux

(d) (GHz) (GHz) (hrs) (µJy)

125 5.5 2.0 6C 10.5 72± 9

9.0 2.0 6C ” 72± 9

149 5.5 2.0 6C 10.5 79± 8

9.0 2.0 6C ” 50± 7

160 19 4.0 750A 10.5 < 36

169 5.5 2.0 750A 6.5 < 87

9.0 2.0 750A ” < 126

182 5.5 2.0 750B 9.5 81± 16

9.0 2.0 750B ” 54± 11

164
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Extended Data Table 4 Constraints on the relativistic outflow of GW170817. Pa-165

rameters are listed for both the Gaussian Jet and the Cocoon models. Reported are the166

median values of each parameter’s posterior distribution with symmetric 68% uncertain-167

ties (i.e. the 16% and 84% quantiles).168

Gaussian Jet

Parameter Fit result

θv (rad) 0.58+0.15
−0.16

log10E0/erg 52.33+0.83
−0.54

θc (rad) 0.090+0.024
−0.025

θw (rad) 0.83+0.46
−0.41

log10 n0/cm−3 −1.62+0.77
−0.93

p 2.1697+0.0097
−0.018

log10 εe −1.12+0.55
−0.90

log10 εB −4.09+0.88
−0.64

log10Etot/erg 50.21+0.78
−0.48

Isotropic Cocoon

Parameter Fit Results

log10 umax/c 1.57+0.86
−0.70

log10 umin/c 0.60+0.44
−0.41

log10Einj/erg 56.8+3.9
−3.8

k 7.22+0.41
−0.51

log10Mej/M� −8.2+2.0
−1.3

log10 n0/cm−3 −5.1+2.8
−2.7

p 2.1793+0.068
−0.010

log10 εe −2.2+1.4
−1.2

log10 εB −3.1+1.7
−1.4

log10Etot/erg 52.6+1.2
−1.4

169
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GW 170817

N

E
5 arcsec

9 d 108 d
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156 d 260 d160 d

170

171

Extended Data Figure 1 X-ray afterglow of GW170817. Images are background172

subtracted, corrected for exposure, and smoothed with a Gaussian function with σ=1.5′′.173

The X-ray emission from GW170817 is seen to slowly evolve with time. However, a rapid174

decrease in brightness is observed between 156d and 160d after the NS merger. During175

this interval, the X-ray count rate decreases by a factor of 1.7. Between 160 d and 260 d,176

it decreases by a factor of 1.3.177

b January 2018a December 2017

178

Extended Data Figure 2 Optical afterglow of GW170817. Images are galaxy sub-179

tracted and smoothed with a Gaussian function. The optical afterglow from GW170817180

(yellow circle) fades between the two HST epochs, carried at 110 d and 160d after the NS181

merger, respectively.182
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183

Extended Data Figure 3 Multi-wavelength afterglow of GW170817. This zoom-in184

shows the afterglow light curves at different energies around the peak time. The solid185

lines show our best estimate of the underlying continuum used to derive the significance186

of the candidate flare.187
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188

189

Extended Data Figure 4 Comparison between the Jet and Cocoon models. a The190

radio dataset is well described by either a Gaussian jet (solid line) or by an isotropic191

cocoon (dashed line). b Same as in a, for the X-ray data set.192
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METHODS193

X-ray observations194

A log of X-ray observations around the flare is reported in Extended Data Table . Earlier observa-195

tions were reported in 11, 12, 32, 33. Chandra data were reduced in a standard fashion using the CIAO196

v4.9 and the latest calibration files. Source counts were extracted from a circular region containing197

92% of the encircled energy fraction, whereas the background contribution was estimated from198

nearby source-free regions. We verified that none of the observations was affected by high levels199

of particle background.200

XMM-Newton data were processed using SAS v16.1.0 and the most recent calibration files.201

Periods of high background were excluded from the analysis. The native astrometry was refined202

by matching the positions of 5 bright X-ray sources with their optical counterparts in the GSC203

v2.3.2 catalogue34. In order to minimize the contribution from contaminating X-ray sources, a204

small aperture of 5” was used to extract the source counts.205

X-ray spectra were binned in order to have at least one count per energy channel and fit206

within the XSPEC v12.8.2 package by minimizing the C-statistics. To convert the observed count-207

rates to flux values we adopted a spectral index β = 0.575 as derived from the broadband spectral208

energy distribution 12.209
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Optical observations210

We obtained two late-time epochs of imaging (PI: Troja) with the Hubble Space Telescope. Images211

were taken with the UVIS detectors of the Wide-Field Camera 3 (WFC3). Data were reduced in a212

standard fashion using the Hubble Space Telescope CalWF3 standard pipeline35, and the astrodriz-213

zle processing36. We followed the same procedure of 11 to create a galaxy template, and subtracted214

it to each image. We tested our method on earlier HST observations37 and successfully recovered215

the optical transient (Extended Data Figure 2). However, in our later images the afterglow is no216

longer visible. This rules out the model by 38 which predicts a continued rise of the afterglow up217

to 150 d. Fluxes were converted to magnitudes using WFC3 zero points. Our final photometry is218

listed in Extended Data Table and shown in Figure 1. Earlier observations are reported in 37, 39.219

Radio observations220

The target source was observed with the Australia Telescope Compact Array (ATCA) at five differ-221

ent epochs under programs CX394 (PI: Troja) and CX391 (PI: Murphy). In order to bootstrap the222

flux density scale the standard source 1934-638 was observed in all epochs. The phase calibrators223

1245-197 (first two epochs) and 1244-255 (last three epochs) were used to compute the complex224

gains. All the data sets were flagged, calibrated and imaged using standard procedures in the data225

reduction package MIRIAD. In order to maximize the results the 5.5 and 9 GHz data were imaged226

using a robustness parameter value of r=0.5 (1st and 2nd epochs) and r=-0.5 (4th and 5th epochs).227

Flux measurements for all epochs are reported in Extended Data Table. Data from previous epochs228
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are from 13, 12, 39.229

Temporal analysis230

At late times radio, optical, and X-ray emission belong to the same synchrotron segment 12. We231

therefore modeled the multi-wavelength light curves around the time of the candidate flare by232

imposing that they follow the same temporal decay. As the initial fit was poor (P-value <5%), we233

removed the data point with the largest positive residual from the fit and iteratively repeated this234

process until P-value>5%. The resulting best-fit model was selected as our baseline continuum235

(solid line in Extended Data Figure 3) and the candidate flaring component was identified as an236

excess above this model. This procedure is similar to the one used to identify flares in GRB237

afterglows 40. In order to estimate the significance of this excess, we ran a set of 10,000 Monte238

Carlo simulations. We used our best-fit continuum as template model and repeated the same search239

procedure on the simulated light curves. From this method we derived a probability of ≈ 3× 10−4
240

to identify a statistical fluctuation as a flaring component.241

Modelling of the outflow: jet and cocoon242

The extended power-law rise exhibited by the GW170817 afterglow light curve can not be pro-243

duced by a simple top-hat jet model13, 12. This phase requires additional structure in the outflow: an244

angularly dependent energy profile, a radial stratification of velocities, or some combination41, 42, 43.245

Following 12 we consider two representative models: a structured jet with Gaussian angular energy246

profile, and an isotropic cocoon with radial velocity stratification. To fit each model we perform247
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Bayesian parameter estimation by sampling the posterior probability distribution with a Markov-248

Chain Monte Carlo (MCMC) package44.249

The Gaussian jet assumes an energy profile E0 exp[−θ2/2θ2
c ], up to a truncation angle θw,250

imprinted on the jet either through the launching mechanism or its interaction with its immediate251

environment. There is no current consensus on the exact angular energy distribution within short252

GRB blast waves, and this parametrization is to be taken as a representative stand-in for a range of253

models with steeply dropping energies around a central core.254

The cocoon is an isotropic outflow whose energy is distributed among velocities according255

to E>u(u) = Einju
−k, where u ε [umin, umax] is the four-velocity13. Slow material is incorporated256

into the forward shock as it decelerates, increasing its energy and brightening the emission. We257

take the initial fast outflow to have a total mass Mej .258

Our representative cocoon and Gaussian jet models represent extreme cases on the spectrum259

of angular energy distribution profiles. A GRB outflow embedded in a cocoon, even in the case260

of a failed GRB, can exhibit angular anisotropy and effectively resemble a Gaussian jet. More261

generally, the structure of a Gaussian jet might reflect this cocoon component, but can also be262

produced in the absence of a dense cocoon-forming environment by the jet-torus interaction during263

launching 45.264

Each blast wave model propagates through an environment of constant number density n. We265

calculate the ensuing synchrotron radiation from (trans-)relativistic ejecta 46, with −p the power-266
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law slope of accelerated electrons, εe, the fraction of post-shock internal energy in the accelerated267

electrons, and εB the fraction of post-shock internal energy residing in shock-generated magnetic268

field that is assumed without preferred direction on macroscopic scales.269

In the Gaussian jet model, θν is the orientation of the jet axis relative to the observer. Because270

this inclination angle has also been constrained directly from the GW measurement 47, we include271

fit results for multiple options on the prior of θν . As in 12, these are a default option of p(θν) ∝272

sin θν , a version utilizing the gravitational wave data together with a Hubble constant value from273

SH0ES 48, and a version where the Hubble constant is determined from Planck data 49.274

Constraints on the outflow275

The results of the MCMC analysis are summarized in Extended Data Table 4. Two runs are276

presented: the Gaussian jet and the quasi-isotropic cocoon (Extended Data Figure 4) well describe277

the dataset up to 260 d after the merger. The three X-ray observations identified as part of the278

flare are not included in the fit. When these data are included the conclusions about the model279

parameters do not significantly change.280

The Gaussian jet has a well constrained opening angle θc = 0.09 ± 0.02 rad (5.2◦), and281

a total energy of the order 1050erg. The viewing angle of 0.6 rad (34◦) is consistent with the282

LIGO estimates that also informed the prior. The Gaussian jet wide truncation angle is largely283

unconstrained, and the micro-physical parameters are constrained around εe ∼ 0.1 and εB ∼ 10−4.284

The ISM number density is constrained at ≈ 10−2 cm−3.285

22



The isotropic (cocoon) model requires a small amount of relativistic ejecta with a substan-286

tial Lorentz factor Γmax ∈ [7.5, 270] (68% percent) followed by an energetic tail of slower ejecta.287

The slow ejecta has a minimum Lorentz factor Γmin ∈ [1.8, 11]. The total energy, assuming a288

spherical blast wave, is 1052.6±1.3 erg. The ISM density is poorly constrained to 10−5±3 cm−3. The289

synchrotron parameters εe and εB are very poorly constrained to 10−2.2±1.3 and 10−3±1.5 respec-290

tively. The high Lorentz factors necessary for the isotropic model are in tension with a choked-jet291

scenario, where the ejecta achieve only Newtonian velocity.292

Late time central engine activity may inject energy into the afterglow blast wave, altering293

the evolution of the forward shock and the ensuing electromagnetic emission. We expanded the294

Gaussian jet model to include isotropic energy injection of the form L(t) = L0(t/t0)−q until a stop295

time ts. When included in an MCMC run, we find the energy injection must be a sub-dominant296

component and obtain an upper limit L0 < 4 × 1044 erg/s with 95% confidence. The q and ts297

parameters are unconstrained, and the other parameters of the jet are unchanged from the values in298

Extended Data Table 4. The luminosity required to produce the x-ray flare is comfortably within299

this constraints.300

The observed light curves and spectra show no clear sign of electron cooling, and our models301

put the synchrotron cooling break near or well above the X-ray band. Note that the synchrotron302

cooling break is intrinsically smooth, and would not stand out strongly even if occurring within303

the X-ray band. Furthermore, equating electron cooling and acceleration time scales provides an304

estimate for the upper cut-off in synchrotron emission that lies above the X-ray band as well. This305
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feature is therefore also not directly constrained by the broadband observations, which predomi-306

nantly cover a single spectral regime between the synchrotron injection and cooling breaks.307

Origin of the X-ray variability: afterglow308

The rapid variability ∆t/t . 0.15 places our candidate flare in a region excluded by afterglow309

models5, 50, 51 (Figure 3). At 160 d the forward shock is still moving at a mildly relativistic veloc-310

ity. The light crossing time across the shock front is then of the same order as the time since the311

explosion, i.e. ∆t ≈ t, much longer than observed. In principle a small region of angular size ∆θ312

such that ∆t & R∆θmax(∆θ/2, 2θv)/c can accomodate the observed timescale 5. However, it has313

been demonstrated both analytically and numerically that, even for strong density perturbations,314

flux changes are smoothed over much longer time scales 52, 53, 54. A further argument is the follow-315

ing. By taking into account the volume of the variable region and the volume of the observable316

region one derives an upper limit317

∆Fν/Fν .


4/5 ∆t/t fenhance (on− axis)

6(∆t/t)2 fenhance (off − axis)

(1)

where the enhancement due to a overdensity nf is fenhance = (νc,f/νc)
−1/2−1 = (nf/n)1/2−318

1, where νc,f is the cooling frequency of the blob. When the density increases as much as to shift319

the cooling frequency below the observed frequency, there is no longer a gain and the flux remains320

constant. Thus the maximum gain is fenhance ≈ (νc/νx)
1/2. From eq. 1, in order to satisfy the flare321

properties requires νc & 1021 Hz. This is not consistent with the value derived for the structured322

jet model and would require an unplausible low density of the ISM n . 10−7 cm−3 for the cocoon323
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model. This value is lower than the density external to galaxies, that ranges from ≈ 10−3cm−3 in324

clusters of galaxies to & 10−6cm−3 in cosmological filaments 55.325

In the case of a cocoon, where energy injection by an outflow with a spread of Lorentz factors326

drives the shock, a strong modulation of the profile over the assumed power-law can produce a327

bump in the light curve when e.g. a massive late relativistic shell catches up with the shock front.328

However this interaction will produce bumps that have typically ∆t ≈ t, thus much longer than329

observed. In addition the predicted stepwise increase above the baseline does not reproduce the330

observed flare-like feature. In the case of a structured jet while the broader and slower component331

will quickly lose its energy in the environment, the (faster) narrow-core of the jet will excavate a332

free path to the slower ejecta in its wave, thus allowing ∆t � t 56. However, as in the previous333

case, a stepwise light curve is expected. Finally, a structured jet with a significant angular structure334

(patchy jet) would also give a similar variability time scale ∆t ≈ t, and therefore disfavored.335

Origin of the X-ray flare: central engine336

Since the α = 2 + β “curvature effect” test 57, 16 works well for the flare, the X-ray emission likely337

originates from a radiusRflare ∼ Γ2
flarec∆tdecay ∼ (2.6×1018 cm)(Γflare/10)2(∆tdecay/10 d), where338

∆tdecay ∼ 10 d is the decay time scale of the flare. At ∼ 150 d after the merger, the external shock339

blastwave has moved to a distance Rblast ∼ Γ2
blastct ∼ (6.2 × 1018 cm)(Γblast/2)2(t/150 d) from340

the central engine. Therefore the flare emission is “internal” if the Lorentz factor of the emitting341

material is ≈ 10. This is consistent with various constraints that GRB X-ray flares have a lower342
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Lorentz factor than GRB themselves 58. The trigger of the flare may be through collision-induced343

magnetic reconnection and turbulence 18, 59 or an external-pressure triggered kink instability 60.344

Either way, an enhanced release of the Poynting flux energy due to reconnection is induced, giving345

rise to the flare emission.346

The emitting region is outside the radius of the non-relativistic merger ejecta,Rej . 1.2 1017(β/0.3)(t/150d)cm.347

This is because in the observer’s viewing direction, there is already a funnel opened by the earlier348

relativistic ejecta that powered the prompt emission of GRB 170817A. With continuous energy349

injection from a spinning-down NS, the funnel would remain open so that the newly ejected en-350

hanced Poynting flux can penetrate through the ejecta and reach the large radius where X-ray351

emission is released. This can be seen from the following estimates:352

In order to see whether the funnel remains open, one can compare the pressure of the ejecta353

and the comoving-frame magnetic pressure of the pulsar wind. Suppose that the central engine354

spindown luminosity evolves with time as355

L(t) ∝ t−q, (2)

the comoving-frame magnetic field strength of the pulsar wind may be estimated asB′ ∝ L1/2R−1Γ−1,356

so that the magnetic pressure scales as pB = B2/8π ∝ t−qR−2 (assuming Γ does not evolve sig-357

nificantly with time). The gas pressure of the ejecta, on the other hand, scales as p ∝ ρ5/3 ∝358

R−10/3 ∝ t−10/3 assuming adiabatic evolution and no radial spreading of the ejecta. Radiative loss359

and radial spreading would further steepen the decay. We consider the competition between pB360

and p at the radius of the ejecta, so thatR ∝ t. One can then compare pB ∝ t−(2+q) and p ∝ t−10/3.361

26



For a low-B pulsar, the spindown time scale is long. One may make a connection between the362

spindown time scale and the turn-over time of X-ray emission (∼ 160 d). Before this time, one has363

q either 0 (dipole-spindown-dominated) or 1 (secular-GW-spindown-dominated). For both cases364

(and any intermediate value of q), the decay slope of pB is shallower than the decay slope of p.365

This suggests that the funnel would remain open, and likely would widen as a function of time.366

In order to power an X-ray flare ∼ 150 d after the merger, the central engine needs to be367

a supramassive or even stable NS that survived at least such a long duration of time. Previous368

criticisms to such a long-lived remnant include the moderate kinetic energy in the kilonova and369

afterglow as well as the the apparent difficulty of producing a short GRB in a neutron star engine370

61, 62. On the other hand, a neutron star with a low poloidal magnetic field and strong toroidal field371

(and hence, a large ellipticity to allow significant gravitational wave spindown loss) is allowed372

by the data 3, and energy injection to the kilonova from such a remnant indeed helps to interpret373

the kilonova properties without invoking extreme parameters 63, 24. Furthermore, mechanisms to374

produce a short GRB in a neutron star central engine without the introduction of a black hole375

have been discussed in the literature, including early accretion 64 or magnetic activities due to376

differential rotation 65. A good fraction of short GRBs are found to possess an extended “internal377

plateau”, which suggested the existence of a supra-massive or stable neutron star 66, 67. Interpreting378

these features within the neutron star engine model indeed require significant energy loss in the379

gravitational wave channel 30, which is consistent with the model requirement presented here.380
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Energy injection from the pulsar381

The existence of a central engine pulsar would inevitably provide additional energy injection to the382

blastwave and to the kilonova ejecta. This would influence the emission properties of the broad-383

band afterglow and the kilonova emission. Energy injection into a blastwave by an underlying384

pulsar has been extensively studied 68, 69. For an engine satisfying Eq.(2), in the spectral regime385

below νc (where the X-rays seem to lie in), the forward shock flux scales as 69, 6
386

Fν ∝ t(1−q)−
(p−1)(2+q)

4 , (3)

which is valid for q ≤ 1. The broad-band afterglow spectral index of GW170817 suggests p ∼ 2.2.387

The observed Fν ∝ t0.8 rise of the afterglow demands q ∼ −0.29, which is out the scope of the388

pulsar model. This suggests that energy injection of the pulsar can at most partially contribute to the389

observed energy injection of GW170817 afterglow. Additional energy injection, either from high390

latitudes of a structured jet or from a stratified ejecta outflow (in the cocoon scenario), is needed.391

For q = 1 (relevant for secular-GW-spindown-dominated case), energy injection is essentially392

negligible. The energy injection parameters from the two models (structured jet and cocoon) are393

essentially the same as the ones without invoking central engine energy injection. For q = 0394

(relevant for dipolar-spindown-dominated phase), the engine injection from the pulsar does not395

alter the afterglow emission providedL0 < 4×1044erg/s as demonstrated previously. The inclusion396

of reverse shock emission can also interpret the broad-band data.70
397

The impact on the kilonova due to the energy injection of the underlying pulsar has been398

studied 63, 24. Both the early (blue) and late (red) kilonova components can be accounted for with399
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reasonable values of ejected mass and opacity if the neutron star spindown is dominated by grav-400

itational wave losses. 24 For such a case, energy injection into the blastwave due to central engine401

is negligibly small, which does not affect the best MCMC fitting parameters presented in §.402

403

Data availability: All relevant data are available from the corresponding author upon reasonable404

request.405
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