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ABSTRACT

Assuming that the ejecta produced during a binary neutron star merger is highly anisotropic, we propose an
analytic model to fit the multi-wavelength data of AT 2017gfo, which is associated with the gravitational wave
event GW170817. Our fitting results show that the observed data are consistent with the emission from a
uniformly expanding ejecta with its mass and opacity anisotropically distributing with angle. The distribution
of mass, velocity and opacity as functions of angle can be described by a cut-off power-law with different
indices. The total mass of the ejecta is Mioa ~ 0.081 M. The derived velocity of the ejecta is ve; ~ 0.27 ¢ and
the opacity  ranges from 4.2 cm? g! to 18 cm? g7!, both being consistent with the results from the numerical
simulations in previous works. Our results suggest that radiation from the polar region of ejecta dominates over
that from the equatorial region at both early and late times due to the anisotropic structure and viewing angle
effect. We also show that the relativistic Doppler effect and equal-arrival-time surface play an important role in
shaping the observed kilonova light curve due to the high speed of ejecta.
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1. INTRODUCTION

Shortly after Hulse & Taylor (1975) discovered the first bi-
nary neutron star (BNS) system, considerable theories have
pointed out that the merger of compact star binaries, neu-
tron star-black hole (NS-BH), NS-NS (Lattimer & Schramm
1976; Symbalisty & Schramm 1982), can generate dynami-
cal ejecta with enough high energy neutrons for heavy ele-
ment (A 2 140) nucleosynthesis (r-process) (Metzger 2017,
for review), completing the final puzzle of cosmic element
origin. The rapid decay of the freshly synthesized lanthanide
elements was later proposed to heat the BNS merger ejecta
and produce a day-to-week luminous IR/optical/UV tran-
sient, which can be thousands of times brighter than no-
vae, namely kilonova (KN) (Li & Paczyniski 1998; Rosswog
2005; Metzger et al. 2010). Such kilonove are naturally ex-
pected to be associated with short gamma-ray bursts (SGRB).
However, only some indirect evidence (Berger et al. 2005;
Hjorth et al. 2005; Tanvir et al. 2013) was found during the
past decades for such an association.

On August 17, 2017 at 12:41:04 UTC, the advanced
LIGO/Virgo jointly detected a gravitational-wave event
40 Mpc away (Abbott et al. 2017b), which was later iden-
tified as a binary neutron star coalescence and named as
GW170817. Merely 1.7 s after the trigger, an sGRB, GRB
170817A, was detected by both Fermi (Goldstein et al. 2017;
Zhang et al. 2018) and INTEGRAL (Savchenko et al. 2017)

within the GW prediction area. About 11 hours after the trig-
ger, several groups (first announced by Coulter et al. 2017)
independently found an optical counterpart within the galaxy
NGC 4993 and confirmed it to be a kilonova and named
it as AT 2017gfo. The associated afterglow emission was
later observed in X-ray and radio bands after several days
(e.g. Troja et al. 2017; Hallinan et al. 2017). Such four phe-
nomena, i.e., a gravitational wave event, a gamma-ray burst,
a kilonova, and a multi-wavelength afterglow, which were
observed in an NS-NS merger event, have marked the be-
ginning of multi-messenger time domain astronomy era (see
Abbott et al. 2017c, and references therein).

Both theoretical calculations and numerical simulations
(Hotokezaka et al. 2013; Sekiguchi et al. 2015; Radice
et al. 2018b) have suggested that a fraction of matter
(10* =102 M), known as dynamical ejecta, should be
tidally disrupted and ejected with speed v ~ 0.1-0.3 ¢ (c is
the speed of light) in several milliseconds during the BNS
merger. The dynamical ejecta is initially neutron-rich with an
electron fraction Y, ~ 0.1 —-0.4. The electron fraction at the
polar region of the ejecta will then increase to ¥, 2 0.3 due
to shock heating or weak interactions (Wanajo et al. 2014;
Sekiguchi et al. 2015; Radice et al. 2016). Another source
of ejecta originates in a neutrino-driven wind and viscosity-
driven outflow (hereafter referred as a secular component)
from the remnant accretion disk and generally propagates
with speed v < 0.1 ¢ (Perego et al. 2014; Siegel et al. 2014;


http://orcid.org/0000-0002-4585-3985
http://orcid.org/0000-0001-7943-5987
http://orcid.org/0000-0003-4111-5958
http://orcid.org/0000-0002-7835-8585

Observer

Ejecta
21(6). v(6), K(6)

Figure 1. Schematic of our structured ejecta model. Colors repre-
sent the distribution of opacity « from low (blue) to high (red). The
viewing angle is 6y and w, ¢ (not marked) are the co-altitude and
azimuth in the observer frame respectively.

Just et al. 2015; Martin et al. 2015; Wu et al. 2016; Fu-
jibayashi et al. 2018). The evolution of KN ejecta thus leads
to different regions with different ¥,. Previous works have
shown that using the “red” (¥, < 0.3, higher opacity and
lanthanide-rich) and “blue” (higher Y, and lanthanide-poor
due to mild r-process nucleosynthesis) components can suc-
cessfully explain the early IR/optical light curves (LC) and
spectra (Cowperthwaite et al. 2017; Troja et al. 2017; Drout
et al. 2017) of AT 2017gfo. In addition, it has been realized
that a third intermediate “purple” component is required to
explain the additional week-to-month multi-wavelength data
(Villar et al. 2017). On the other hand, alternative approaches
such as using a simplified semi-analytic anisotropic model
of the ejecta (Perego et al. 2017) or carefully considering the
radiative transfer via a two-dimensional numerical simula-
tion (Kawaguchi et al. 2018) were attempted to relieve the
apparent multi-component issue.

In this paper, we propose an anisotropic model with mini-
mal physical assumptions and calculated resultant KN emis-
sion from the first principle. Similar to Huang et al. (2018),
we take into account a smooth distribution of the ejecta mass
per solid angle, velocity and opacity as functions of jet angle.
We also consider the Doppler effect and equal-arrival-time
surface (EATS) in detail. Our model is described in §2. The
fitting procedure between our model and data is described in
§3. The fitting results are then presented in §4, followed by
discussions and conclusions in §5.

2. THE KILONOVA MODEL

As illustrated in Figure 1, the ejecta distribution is modeled
by a cutoff power law function',

F, 0 <6< 0y,

Fo= FO(%>6F, O <0 <m/2,

ey

where F =dM,; /dQ) or Vej OF Kej or T, stands for either the an-
gular distribution of ejecta mass dM.j/d<2, velocity vej, opac-
ity kej or temperature floor 7. F reaches its extremum within
6y, which can be regarded as a “blue” component in the po-
lar region, whereas F' changes as a power law when 6 ap-
proaches 7/2 which can be regarded as a “red” component
in the equatorial region. As shown in §4, these continuous
distributions can naturally lead to a smooth light curve with-
out artificially introducing multiple components to explain
the data.

According to Korobkin et al. (2012), the input radioactive
energy rate is proportional to the r-process mass, so we have

dLi, _ 18 dMej 1 t—ty 13 1
10 (t,0)=4x10 0 0.5 ;arctan (T) ergs
2

where fp = 1.3 s and 0 =0.11 s are empirical constants. How-
ever, not all the radioactive energy could be converted to
power KN. The cross section of the ejecta material to high en-
ergy y—rays, neutrinos and particles created by decay process
can introduce a thermalization efficiency ¢y. Barnes et al.
(2016) provides an empirical equation:

3)

In(1+2b¢¢
en(®,0)=0.36 [e‘”+n(+bt)} ,

2btd

where a, b, and d are constants related to the ejecta mass,
velocity and the magnetic fields of the merger object and are
listed as Table 1 in Barnes et al. (2016). We find that such
a table can be successfully fitted by the following empirical
function,

(a2
a,b=ci+cr(vej—c3) e (came;)

“)
d=c +CoVej +C3Mgj

where ¢; are free parameters, which are listed for a, b and
d in Table 1. We note that m,; in Eq.3 and Eq.4 is the to-
tal mass within a homologous photosphere while the ejecta
mass in our model represents the angular density per solid
angle. Thus, a factor of 47 should be multiplied to obtain the
equivalent spherical mass when calculating the efficiency in
Eq.3.

After obtaining the input energy and thermal efficiency,
the bolometric luminosity can be calculated following Arnett

! We have also investigated other distributions such as F(#) = exp(a6?)
and F(0) = (1+6/ 00)%F , while both were disfavored by fitting results.



Table 1. a, b, d FITTING PARAMETERS

C1 (5] Cc3 C4
a| 0292 376x10° 527x107% 9.67 x 10*
0.121 92.3 7.16 x 102 2.52x10°
d | 0.724 7.57 255 -

S

(1980, 1982) and Chatzopoulos et al. (2012):
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where 7, = \/2kmej/Bvc is the geometric mean diffusion
timescale with general density profile constant 5 = 13.8. The
radiation can be approximately described by a blackbody
spectrum with effective temperature T,

dL""l o (1:0)= (it YoseT*(1,). (6)

Numerical simulations (Barnes & Kasen 2013) indicate
that a critical temperature exists at which the ejecta tem-
perature stops further decrease. This can be related to the
lanthanide abundance and their first ionization temperature.
Hence we assume this temperature floor also complies with
Eq.1 distribution and the photosphere temperature can be
written as

T,0), T<T,
Tonot(t,0) = @)
T.(0), T>T.

The exact photosphere radius is derived accordingly by

vejta T< ch

Rphot(ta ) = - 2 3
() vat.  T>T.

As shown in Figure 1, the polar angle in the source frame
0 can be rewritten as a function of the co-altitude w and az-
imuth ¢ in the observer frame, which is used in further cal-
culations,

0(¢,w) = arccos (cos b, cosw—sinf, sinwcosp). (9)

As the ejecta velocity (~ 0.3 ¢, Villar et al. 2017; Perego
et al. 2017) reaches the sub-relativistic regime, the Doppler
effect should be taken into account to calculate the observed
energy flux. Following Eq.(4.110) in Rybicki & Lightman
(2008), we have

1(v,) _ B(vs,T)

3 T 3
Yy Vg

; (10)

where v, is the frequency corresponding to the central wave-
length of a given band in the observer frame, v; is the emitted

3

frequency in the ejecta frame, and B(v, T) is the Planck func-
tion, i.e.,
2h3 1

Bw.T)=— 5

The observed frequency is

VS
Vo= I'd-pBcosw)’ (1n
where 3 = vj(0)/c, T = 1/4/1-? and w is introduced in
Eq.9. Thus v, =T'(1 - cosw)y, is a function of (#,w) and
we could get the observed intensity /(v,) in each band.
Finally, similar to Eq.4&5 in Martin et al. (2015), we ob-
tain the observed flux density by integrating over the EATS
of the ejecta that is moving towards the observer,

RZ (t',0
FWo,to) = / / I(V(,)%coswdﬁ’

L
semisphere
R, (', 0)cosw
// Vs(a w), Tphot(t 9)) L 1/3(9 2) 4,
semlsphere

(12)
where 1’ is a function of (6,w,f,) given by EATS, and D,
is the distance to the source and we adopt Dy = 43.8 Mpc,
according to Abbott et al. (2017a).

3. DATA AND FIT
3.1. The Unified Dataset

The multi-wavelength light curve data are taken from Table
3 in Villar et al. (2017) and the open kilonova catalog”. The
data set is a collection of observations originally presented
in Andreoni et al. (2017); Arcavi et al. (2017); Coulter et al.
(2017); Cowperthwaite et al. (2017); Diaz et al. (2017); Drout
et al. (2017); Evans et al. (2017); Hu et al. (2017); Valenti
et al. (2017); Kasliwal et al. (2017); Lipunov et al. (2017);
Pian et al. (2017); Pozanenko et al. (2018); Shappee et al.
(2017); Smartt et al. (2017); Tanvir et al. (2017); Troja et al.
(2017); Utsumi et al. (2017), with all upper limits and W
band data excluded. For simplicity, we only take the data
measured in AB magnitude. Upper limits and unfiltered data
are not taken into account. Extinction caused by the Milky
Way was corrected following Fitzpatrick (1999).

3.2. Fitting Procedure

Our model (Eq.12) is then fitted to the observational data
using a Markov Chain Monte Carlo approach. A Python
package, emcee (Foreman-Mackey et al. 2013), is utilized
for sampling and getting posterior predictions on our model
parameters.

2 http://kilonova.space/
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Table 2. BEST FIT PARAMETERS

logmyg Vo log Ko log T. Om
Mo) © em’gh (K

log(—év) (5,.@ 57 o 90

xz/dof"‘
)

—2.836'9912 0.276:3997  0.626"90%¢  3.58279910 83879779

—3.58511604 38351038 767170438 0.268*9910  61.51171318  1.024

2Calculated with the o term in Eq.13.

The log-likelihood function is defined as

1 <= [(0;—M,)?
InE:—E; [("}’LU;) +In (27r(oi2+02)) , (13)
where n is the total number of observation points (in our case,
n=>557), O;, M;, o; are the ith observed magnitude, modeled
magnitude and observed uncertainty. We also introduce a
scatter term, o, to account for any additional systematic error.
o is treated as a free parameter during the fit.

There are ten free parameters in our model, namely, (1) my,
initial (polar region) value of ejecta mass per solid angle, (2)
Vo, ejecta velocity at polar region, (3) ko, opacity at polar re-
gion, (4) T., temperature floor at polar region, (5) 9,,, power
law index of mass distribution, (6) ¢,, power law index of
velocity distribution, (7) §,., power law index of opacity dis-
tribution, (8) d7, power law index of temperature distribution,
(9) 0o, critical angle, and (10) o, systematic error term.

The priors of my, kg, T, and §, are set to be log-uniform
because they may spread several orders of magnitude with
changing power-law indices and critical angle®. The other
parameters are all set with flat priors. The viewing angle is
fixed to 6, = 30° (Abbott et al. 2017b; Hajela et al. 2019).

We then run emcmc for ngaiers X fseps = 100 x 11600.
To check the convergence of our chains, we follow the
emcee documentation* and perform an autocorrelation anal-
ysis. The estimated integrated autocorrelation time 7y is less
than 230 for all 10 parameters, meaning this can be consid-
ered as a reliable estimation because ngeps /7'f > 50. Thus
we could safely discard the first 4000 steps, treating them as
burn-in phase.

4. RESULTS

The best-fit model is over-plotted with the observed data
in Figure 2. Constraints on parameters are shown in Table 2
and Figure 3. In Figure 4 we plot the angular distributions of
ejecta mass, velocity, opacity and temperature of our best-fit
model.

Based on our results, we get the total mass of the ejecta
Mo >~ 0.081 M, by integrating over the sphere. In order

3 During the fitting process, we firstly limit 8, to be negative and use a
flat prior. While the results show 6, = 0, so we use a log-uniform prior (i.e.,
a flat log(—d,)) instead to better investigate its distribution.

4 https://emcee.readthedocs.io/en/latest/tutorials/autocorr/

to compare with previous researches (e.g., Villar et al. 2017),
we also define a “blue” region (or the polar region) of which
ejecta polar angle 6 < 6y and a “red” region (or the equatorial
region) for the ejecta with the polar angle 6y < 6 < 90°. And
the mass of the blue region is My, ~ 0.010 M. The high
ejecta velocity vej = 0.276 ¢ and its corresponding power-
law index log(—d,) = —3.835 indicate a flat velocity distri-
bution, as shown in Figure 4. The opacity k.j ranges from
~4.2 cm? g7! at the polar region to ~ 18 cm? g~! at the equa-
torial plane. And the temperature floor 7, decreases from
~ 3800 K to ~ 200 K as 6 increases. During the time in-
terval we investigated (+ < 26 day), the ejecta within 6 < 80°
has cooled to its corresponding temperature floor (7, ~ 550 K
at 6 ~ 80°). As polar angle further increases, the actual tem-
perature begins to rise and reaches 7 ~ 800 K at 6 = 90°.

In Figure 5 we compare our model-predicted spectral en-
ergy distribution (SED) with the observed data at different
times, which again shows our modeling successfully repro-
duced the spectral evolution of the kilonova emission.

To compare our results with Villar et al. (2017), we plot
the calculated blue and red component of our model of each
individual band in Figure 6. The blue curves represent the
emission from the polar region, red curves from the equato-
rial region and black curves are the sum of these two com-
ponents. Our results are consistent with Villar et al. (2017)
in terms of the peak time of the blue and red components.
However, our results show that the blue component still dom-
inates the emission at a late time, likely due to the introudced
anisotropic structure of the ejecta. This can be seen in Figure
1, where an observer at 6, = 30° will naturally receive more
radiation from polar region. The equatorial component will
dominate at late time only when the viewing angle is large
enough (e.g., 6, =90°). Additionally, the distribution of 7, in
our model is different. The blue component in our model has
higher temperature floor, while in Villar et al. (2017) T; of
red & purple components are higher. 7. is a factor that “con-
trols” the allocation of energy into different bands for a given
Ly, determined in Eq.5, which can lead the light curves to
behave differently.

5. DISCUSSIONS & SUMMARY

We have successfully modeled the multiwavelength light
curves of the kilonova AT 2017gfo by utilizing an anisotropic
ejecta distribution of the ejecta and yield the following main
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conclusions: (1) we find a cutoff power law model in the
ejecta structure fits best to the observed data. (2) Our best-
fitting model leads to a uniformly expanding photosphere
with Mo ~ 0.081 M, (among which ~ 0.010 M, from po-
lar region and the else from equatorial region), vej ~ 0.27 ¢
and opacity 4.2 cm? g7 < kej < 18 cm? g7, (3) Our model-
ing coincides with dynamical ejecta moving at v~ 0.2-0.3 c,
in which case the relativistic Doppler effect and EATS play
an important role in shaping the observed light curve. (4) We
find although the mass of the polar region is only a small frac-
tion of the total mass, emission from the polar region domi-
nates at later time for most bands, which is mainly caused by
the anisotropic structure when viewed from the polar direc-
tion and the influence of a different 7, distribution which is
higher at the polar region.

We have noticed that the total ejecta mass in our model
Mot >~ 0.081 M, although consistent with some of the pre-
vious results (Villar et al. 2017; Perego et al. 2017) in general,
is still significantly higher than the mass of the dynamical and
secular components predicted in a series of recent numerical
simulations (e.g., Hotokezaka et al. 2013; Martin et al. 2015;
Fujibayashi et al. 2018; Radice et al. 2018b). Our results
thus suggest that additional central power from the central
engine is needed. Possible sources of such power include the
nebular wind (Ren et al. 2019) and hybrid energy input by
a long-lived remnant (Yu et al. 2018; Li et al. 2018). The
central engine could be further constrained with the help of
afterglows in future events (Xiao et al. 2017; Liu et al. 2020).
Furthermore, the ejecta mass in our results is also subject to
some ignorance of the physical details such as the direction
preference of photon diffusion (Kawaguchi et al. 2018) in re-
alistic radiation transfer calculations and that the coefficient
in Eq.2 may change under different conditions (see Perego
et al. 2017 and references therein). Those aspects have not
been taken into account due to the limited scope of this study.

The uniform distribution of the high velocity in our results
is consistent with the property of a dynamical ejecta in pre-
vious studies (Sekiguchi et al. 2015; Radice et al. 2018b).
The higher dynamical ejecta mass in our results suggests ad-
ditional components such as secular and viscous-dynamical
components (Perego et al. 2017; Radice et al. 2018a; Fu-
jibayashi et al. 2018) should be considered in future work.
The best-fit of the opacity for the blue component is slightly
higher than what was previously thought (Tanaka et al. 2018)
but still consistent with a recent case study (Tanaka et al.
2019).
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Figure 2. Multiwavelength observations of AT 2017gfo accompanied with our best-fit model. The magnitude values have already been
corrected for extinction. K band and K, band data are treated with the same central wavelength.
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