
Elias R. Most

Elias Roland Most

Computational Relativistic Astrophysics

TAPIR
Computational Relativistic Astrophysics 

comp-relastro.caltech.edu

http://comp-relastro.caltech.edu


Numerical Relativity



Elias R. Most

The physics of extreme cosmic collisions 

Gravitational 
waves

Extreme 
plasmas 

Dense nuclear matter  u d 
d 

u u 
d e-  νe



Elias R. Most

Neutron star

Today’s protagonist:
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What does a neutron star look like?

Pasadena

How big is a neutron star?
About 20-30 km in diameter

How massive is a neutron 
star?

Around 1-2 solar masses

We are here

Cho+(including ERM; in prep)

What is a neutron star made of?

ρ̄ ≃
mass

volume
≃

M
4
3 πR3

≃
2 × 1033 g

4 × (105 cm)3 ≈ 5 × 1014 g
cm3

≃ 2 × ρnuclear

Nuclear densities

Neutron star
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Neutron stars as probes of 
fundamental physics!

Weber+(2007)
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The physics of compact binary mergers

General relativity

Gμν = 8πTμν

p = p (ρ, T, Ye)

Nuclear physics

∇*μ Fνμ = 0

∇μFνμ = 4π𝒥ν

Electrodynamics

Hydrodynamics

∇μTμν = 0

Weak interactions

n → p + e− + ν̄e
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Modeling compact binary mergers
General relativity is very hard to solve using analytical 
tools, especially when matter is dynamically important.
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Numerical relativity solves Einstein field equations & 
magnetohydrodynamics on supercomputers.

General relativity is very hard to solve using analytical 
tools, especially when matter is dynamically important.

High-performance computing
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New era of computing: GPUs

General relativity is very hard to solve using analytical 
tools, especially when matter is dynamically important.

High-performance computing

Image credit: Gigabyte

Current applications show speed-up of > 10 ×
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New era of computing: GPUs

General relativity is very hard to solve using analytical 
tools, especially when matter is dynamically important.

High-performance computing

Image credit: Gigabyte

Current applications show speed-up of > 10 ×

Simulation by grad student Haiyang Wang
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Neutron star

Today’s protagonist:

Gravitational 
waves

Late stage gravitational wave emission 
leads to inspiral and merger!

Time to impact 
-15ms
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Animations: Breu et al.
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The final fate of a neutron star binary 
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The final fate of a neutron star binary 
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Gravitational waves
GW170817

First direct detection of 
 a gravitational wave signal 

from neutron star coalescence 
happened only in 2017. LVC+(2017)

The final fate of a neutron star binary 
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Tidal deformation correlates 
with the size of neutron stars.

Image credit: france.fr

http://france.fr
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FIG. 1. PDFs of stellar radii. Top-left panel: PDF with only the observational constraints on the observed maximum mass and tidal deformability for pure
hadronic EOSs; top-right: PDF when also an upper limit is set on the maximum mass; bottom-left: PDF with the combined constraints on maximum mass
and tidal deformability; bottom-right: the same as in the bottom-left but for EOSs with a phase transition; the thick black line at 12 km distinguishes the PDFs
of hadronic twin stars, which represent only 5% of the total sample with phase transitions. In all panels the solid and dashed lines indicate the 2-� and 3-�
confidence levels, respectively.

density [30, 31], together with perturbative QCD calculation
for matter at densities exceeding that in the core of neutron
stars [34, 35]. Because the EOS at intermediate densities is
not well known, we construct it using piecewise polytropes,
overall following [36]. Additionally, we account for the ex-
istence of phase transitions by considering EOSs that admit
a jump in the energy density between randomly chosen seg-
ments of the polytropes [29, 37–39], and thus allowing for
“twin-star” solutions [40–42] (see the supplemental material
for details [43]).
Radius and tidal deformability constraints. Figure 1 offers a
complete view of the probability distribution functions (PDFs)
built using our ⇠ 2 ⇥ 10

9 stellar models. The top-left panel,
in particular, shows the colorcoded PDF when only the ob-
servational constraints are imposed on the maximum mass
[22] and on the tidal deformability [1], i.e., 2.01<M

TOV
and

⇤̃1.4 < 800 (see Fig. 3 of the supplemental material [43] for
the PDF with only the maximum-mass constraint). Indicated
with red solid and dashed lines are the values at which the
corresponding cumulative distributions at fixed mass reach a
value of 2-� and 3-�, respectively, thus setting both a mini-
mum and a maximum value for the radius at that mass with a
probability of ⇠ 95% and 99.7%. Note that the PDF extends
beyond the red lines, but attains very small values in these re-
gions. The top-right panel shows instead the PDF when, in
addition to the lower limit, also an upper limit is set on the
maximum mass i.e., 2.01<M

TOV
<2.16 [15], while keeping

the observational constraint on the tidal deformability. Note
that the addition of this constraint changes the PDF, decreas-
ing the average value of the maximum radius at a given mass.
The bottom-left panel of Fig. 1 shows the impact of the com-
bined observational and maximum mass constraints with that
of a lower limit on the tidal deformability as suggested by
Ref. [14], i.e., after considering 2.01 < M

TOV
< 2.16 and

400 < ⇤̃1.4 < 800. We note that although the constraint
⇤̃1.4 > 400 set by Ref. [14] does not come with a systematic
quantiification of the uncertainties, it is reasonable that such a
lower limit exists on the basis of the considerations made by
Ref. [14].

The effect of these combined constraints is to significantly
reduce the variance in the small-radii region and to refine the
range for the most likely radii at a given mass. Note that the
distribution now is not only restricted to a rather small range
in radii, but it is also peaked around the small-radii end of
the range. Because the EOS beyond nuclear-saturation den-
sity is not known, the possibility of phase transitions is also
taken into account in the bottom-right panel, where we do not
impose the 400< ⇤̃1.4 constraint since it is based on numeri-
cal simulation with EOSs without phase transitions. Further-
more, by splitting the panel at 12 km we distinguish between
the PDF of the hadronic branch and the PDF of the “twin-star”
branch, namely of all those stars that populate the small-radii
second stable branch typical of models with a phase transi-
tion. Note that while the PDF on the hadronic branch is very

e.g. Annala+, De+, ERM+ (PRL 2018), 
Chatziioannou+, Raithel+ and many others

How large can neutron stars be?

ERM+ (PRL 2018)

Constraining neutron star 
radii with gravitational 
waves from the inspiral.

Neutron star

size

+ X-ray constraints: Riley+, Miller+, 
Raaijmakers+, Dietrich+ and others!

The final fate of a neutron star binary 
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Can these events 
reveal extreme 

states of matter?

The final fate of a neutron star binary 

Neutron star 
mergers as  

cosmic colliders?
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Image credit: GSI

+

Comparison with Au+Au collision!

ERM+(PRD 2023)

2

spacing �x = 0.2 fm and timestep �t = 0.08 fm/c. It was
shown that the HICs system dynamics and entropy produc-
tion as calculated with the hydrodynamical approach are quite
similar to the complementary predictions of non-equilibrium
transport models [72, 73]. We are interested in simulating
low-energy nuclear collisions - hence, our initial state consists
of two drops of cold T = 0 nuclear matter, colliding head-on,
with Lorentz-contracted Woods-Saxon density distributions,
propagating towards each other with relativistic speed in the
center-of-mass frame of the collision. For each energy, a near
central collision of two gold nuclei (Au) is computed, at fixed
“impact parameter” b = 2 fm (i.e., b is the offset of the centers
of the two nuclei along the transverse x-axis), at lab energies
of Elab = 450 and 600AMeV per nucleon. These energies
are presently available for experiments of the HADES detec-
tor set-up at GSI [11].

For our BNS simulations, in addition to the equa-
tions of general-relativistic hydrodynamics [74], we need to
solve the Einstein equations in the conformal Z4 formula-
tion [75–78]. The full set of equations is evolved using
the Frankfurt/IllinoisGRMHD (FIL) code [79, 80],
which operates on top of the Einstein Toolkit infrastructure
[81]. Making use of nested box-in-box mesh refinement [82],
our simulations use 7 levels of refinement with the highest
resolution of 250 m and outer box size of 1500 km. The ini-
tial conditions [83] for our simulations are two equal-mass
nonspinning binaries with total masses of 2.6 and 2.8M�
consistent with GW170817-like events [1]. It is important
to stress that despite the use of perfect-fluid hydrodynamics
and, hence, the absence of physical viscosity (see e.g., [84–87]
for formulations including viscosity), our codes are fully able
to capture entropy production in the compressional regime of
the flow by means of local Rankine-Hugoniot shock junction
conditions [74]. In the case of FIL, this is achieved by lo-
cally solving the set of Riemann problems approximately us-
ing the HLLE algorithm [88]. In the case of SHASTA, this is
handled by a flux-corrected diffusion algorithm that has been
thoroughly vetted [70] and compared against HLLE solvers
[71].

Results and Discussion. For both, the macroscopic and
the microscopic events, we have performed analogous sim-
ulations using the same description of nuclear matter, which
– as discussed – is valid across the entire QCD phase dia-
gram. Hence, despite a difference in lengthscales of 18 orders
of magnitude, it is possible to perform a meaningful compar-
ison of the first impact of the two stars and two gold ions. In
the following, we will summarize the basic evolution of the
two colliding systems.

For a HIC, the two gold nuclei approach each other head-
on along the z-direction, with relative velocities v & 0.5 c
and only a small offset along the transverse x-axis, called the
impact parameter b. This produces dense hot matter with the
longest lifetime and highest compression at given beam en-
ergy. Once the two nuclei make contact, the cold nuclear mat-
ter in the center is rapidly heated by shock compression. Dur-
ing this incident stage, entropy is generated and the maximum
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FIG. 1. Distributions of entropy per baryon S/A (top colormaps)
and temperature T (bottom colormaps) for a BNS merger (NS+NS)
with total mass Mtot = 2.8M� (left panels) and a Au + Au HIC
at Elab = 450MeV (right panels). Colored lines mark density
contours in units of nsat. The snapshots in different rows refer
to t = �2, 3ms after merger for the BNS, respectively, and to
t = ±5 fm/c before and after the full overlap for the HIC.

compression is reached [72, 89]. Once both incoming nuclei
are compressed in a single fireball, matter starts to rapidly ex-
pand along an isentropic trajectory until the freeze-out sur-
face, when it dilutes so much that the hydrodynamic picture is
no longer valid. In our simulations, this corresponds to cells
at roughly n ⇠ 1

2nsat ⇡ 2.6 ⇥ 1014 g cm�3. In the case of
BNSs, the two stars are initially on a quasi-circular orbit, but
the emission of gravitational waves, carrying away orbital en-
ergy and angular momentum, does ultimately cause the two
stars to collide (see, e.g., [90] for a review). Differently from
a HIC, the collision will not be head-on. Instead, tidal forces
will deform the neutron stars prior to merger, with small-scale
turbulence induced in the shearing interface between the two
stars (see, e.g., [91]). During the merger, the two stars are
compressed to a few times nsat and heated considerably, lead-
ing to supersonic velocities and the formation of a shock. This
causes a steep increase in temperature and a local production
of entropy, as it happens in a HIC.

The differences in the early-time dynamics between BNS
mergers and HICs are shown in the top row of Fig. 1, where
we report the temperature (lower colormap), the entropy per
baryon (upper colormap), and the density (isocontours) for
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Probing exotic states of matter
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Systematically probing dense matter

Simons-Princeton-NSBP 
Post-Bac.

Numerical relativity 
simulations
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down

Drout et al., Science 358, 1570–1574 (2017) 22 December 2017 3 of 5

Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.

Rest wavelength (Å)

lo
g 

F
λ,

o 
(e

rg
s 

s–
1  

cm
–2

 Å
–1

)

2000 5000 10000 20000

–15.0 

–15.5 

–16.0 

–16.5 

–17.0 

–17.5

2000 5000 10000 20000

+0.5d

+0.7d
10000K

7600K

6600K

5100K

3700K

3300K

2800K

2500K

2400K

2500K

+1.0d

+1.5d

+2.5d

+3.5d

+4.5d

+5.5d

+7.5d

+8.5d

w2m2w1 uUBg V r i z Y J H K

Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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Systematically probing dense matter

Modular Unified Solver 
of the Equation of State

Breakthrough computing: 

https://musesframework.io
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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into neutron star properties.
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down

Drout et al., Science 358, 1570–1574 (2017) 22 December 2017 3 of 5

Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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Mass ejection
Dynamical mass ejection

Animation credit: Bovard (priv. comm.)
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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GRB170817A

sGRB

Alexander+(2018)

Gottlieb+(2018)

LVC+(2018)

•Coincident  
short gamma-ray burst (sGRB) 
detection ~2s after merger!

•Consistent with off-axis 
viewed structured jet 
emission

LVC+(2018)

The multi-messenger picture 
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sGRB
Do all mergers feature jet launching?

based on Olivares, Porth+ ( incl. ERM,  A&A 2019)
Animation credit: O. Porth

Lorentz 
factor

Density

Magnetization Relativistic outflow

Big picture 
question: 

How does a  
jet launch in 
the merger?Toy example!
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Density

350 ms Northwestern  
Postdoc

Goni Halevi

Halevi, ERM, Stone (in prep)

Do all mergers feature jet launching?

•Leverage availability of large-
scale GPU resources for ultra-
high resolution simulations!

see also Christie+, Liska+, Gottlieb+, Jacquemin-Ide+

Image Credit: NERSC
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News from the frontier: An unlikely engine!

Paschalidis et al 2015; Ruiz et al.

the AHFinderdirect thorn (Thornburg 2004) to locate
apparent horizons. This code has been extensively tested
(Etienne et al. 2010) and used previously to study different
scenarios involving compact binaries and B fields (Etienne
et al. 2012a, 2012b). In all simulations, we use nine levels of
refinement with two sets of nested refinement boxes differing in
size and resolution by factors of two. One set is centered on the
NS and the other on the BH. The finest box around the BH
(NS) has a half-side length R1.6 BH ( R1.2 NS). Here, RBH (RNS)
is the initial BH (NS) radius. The finest levels resolve the BH
(NS) radius by 30 (40) points. We set the outer boundary at

M M M200 1516( 1.4 )NS� : km and impose reflection symme-
try across the orbital plane.

The metric plus fluid initial data we use are identical to those
in case B of Etienne et al. (2012b) and satisfy the conformal
thin sandwich equations (see, e.g., Baumgarte & Shapiro 2010).
The BH:NS mass ratio is 3:1. While the likely BHNS binary
mass ratios may be closer to 7:1 (Belczynski et al. 2010), we
choose 3:1 to compare with our earlier studies. Note that
remnant disks from 7:1 mass ratio BH–NS mergers can have
masses M0.102 :, as obtained here, provided the initial black
hole spin parameter is 0.82 (Foucart 2012). The initial NS is
an irrotational, unmagnetized, 2G = polytrope. Prior to tidal
disruption, the magnetic field will be simply advected with
(“frozen-into”) the fluid. To save computational resources and
to avoid buildup of numerical errors, we evolve the system
until two orbits prior to tidal disruption (t tB= ), at which point
the NS is seeded with a dynamically weak, dipolar B field
generated by a vector potential Af approximating the vector
potential of a current loop (see Equation (2) in Paschalidis
et al. 2013). We choose the loop current and radius such that in
the interior the maximum value of the ratio of magnetic to gas
pressure is 0.051b =- , which results in an interior B-field
strength B M M10 (1.4 )int

17
NS� : G. While the resulting

B-field strength is large, it is dynamically weak ( 11b- � )
and enables us to provide an “existence proof” for jet launching
with the finite computational resources at our disposal.
Specifically, we show that an NS endowed with an initial
dipolar magnetic field extending from its interior into the
exterior enables magnetic launching of a jet following a BHNS
merger. As this initial B field is dynamically unimportant in the
NS interior, we expect that the qualitative behavior obtained
here will apply to other dynamically weak field choices.
To evolve the exterior B field reliably and also mimic the

force-free conditions that likely characterize the exterior, we
impose a low but variable density atmosphere at t tB= , as is
typically done when evolving exterior B fields with ideal MHD
codes. In particular, we construct an exterior in which the
plasma parameter β initially is equal to some target value

10b < everywhere. This choice defines the NS surface as the
place where the interior β falls to 0b . For 0b b< , we are in the
NS exterior and we reset the low exterior rest-mass density to

b K0.50 0
2r b= . Here, b2 is the magnetic energy density,

and K P Pcold= is the exterior ratio of gas pressure to cold
pressure at t tB= . The above prescription guarantees a
universal 0b b= in the exterior at t tB= and, at the same
time, captures one key aspect of force-free electrodynamics,
i.e., B-field pressure dominance. As the B-field strength
falls from the NS surface as r1 3, the above prescription forces

0r to fall as r1 3 as well. For the subsequent evolution, we
evolve the density everywhere according to the ideal GRMHD
equations. We vary 0.1, 0.05, 0.010b = to study exterior
conditions ranging from partial to complete B-field pressure
dominance and check that the outcome remains invariant. For

0.010b = , we have b 12
0 1r in the vicinity of the NS, and

this case provides our best approximation to a force-free
environment. As long as b2

0r is not much larger than 1, our
high-resolution shock-capturing MHD code can handle the

Figure 1. Snapshots of the rest-mass density, normalized to its initial maximum value M M8.92 10 (1.4 ) g cm0,max
14

NS
2 3r = ´ -

: (log scale), at selected times.
Arrows indicate plasma velocities, and white lines show the magnetic field lines. Bottom panels highlight the system after an incipient jet is launched. Here,
M M M2.5 10 ( 1.4 )2

NS= ´ -
: ms M M7.58( 1.4 )NS= : km.

2

The Astrophysical Journal Letters, 806:L14 (5pp), 2015 June 10 Paschalidis, Ruiz, & Shapiro

What’s the engine behind  
gamma-ray bursts in mergers? 

Black hole!

Hypermassive neutron star?

Mösta et al 2020

Can we also get sGRBs from neutron 
stars? What’s the expected fraction?
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Gamma-ray bursts from stellar remnants?
ERM & Quataert 2023Combi & Siegel 2023

Kiuchi et al 2023

Gottlieb+2023

ERM 2023

Not a magnetar, but strong 
constraints on BH-disk engine 

Curtis+ 2023; de Haas+2023

Major  
breakthroughs 
in numerical relativity this year!
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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Magnetospheric transients
Flares (Non-linear) Alfven waves

Balding transients Binary interactions
Yuan+(2020), (incl. ERM, 2022)

Mahlmann+(incl. ERM, 2023) 
see also Parfrey+, Carrasco+, Sharma+

ERM+(2018),Nathanail,ERM+(2017) 
see also Lehner+, Palenzuela,Dionysopoulou+ ERM, Philippov (2020, 2022a,b; in prep) 

see also Palenzuela+, Paschalidis+,Ponce+, East+, Carrasco+
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Observational prospects
Callister+ (2019)

OVRO Long Wavelength Array

DSA-2000 (planned)

Need better predictions and theory!
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Magnetospheric dynamics  
prior to merger
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Corotating frame

ERM & Philippov  
(ApJL 2020)

Magnetospheric dynamics  
prior to merger
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Radio transients from flares?

ERM,Philippov  
(ApJL 2020)



Elias R. Most

Flare

Wind

ERM & Philippov  
(Physical Review 

Letters 2023)
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Leveraging numerical advances

∇*μ Fνμ = 0

Spectral methods:   
Apply leading tools from binary black hole coalescence to 

magnetospheric problem!

Y. Kim (Caltech)
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Computational  
relativistic astrophysics

∇*μ Fνμ = 0
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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Need a multi-scale, multi-physics approach to interpret  
multi-messenger events!



Elias R. Most

∇*μ Fνμ = 0

Resnick High-Performance 
Computing Center

Applied Physics and 
Materials Science

Theoretical Astrophysics 
Including Relativity 

(TAPIR)

Geological and Planetary 
Sciences
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Computational relativistic astrophysics

∇*μ Fνμ = 0

Multi-messenger

Black hole accretion

Spacetime 
dynamics

Relativistic  
Magnetospheres Relativistic 

outflows

Explosive 
transients
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Why a computational approach?

∇*μ Fνμ = 0

Spacetime 
dynamics

Computational approach needed

Image credit: Vitale+2021

Data-driven 
need for 

accuracy! 
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Computational challenges

∇*μ Fνμ = 0

Non-linear interplay of physics at different scales!

Image credit: Burrows

Non-linear dynamics

Image credit: Nordhaus

No symmetries

Image credit: Pastor-Marcos+23

Complex equations
Multi physics

Image credit: Richers
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Choosing the right approach

∇*μ Fνμ = 0

Black hole accretion for collisionless plasma

Image credit: EHT

Event Horizon Telescope image 
sourced by gas dynamics

Image credit: Wong

• Different accretion regimes? 

• Precise history of gas??? 

• Plasma scales??? 

• Imprints of space time can be 
highly degenerate!

pμ∂μ f + (𝔮Fα
μ + Γα

μνpν) pμ∂pα f = 𝒞 [f]
Six dimensional phase space!  

Can’t possibly solve this directly?



A simulation based viewpoint!
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Choosing the right approximation

∇*μ Fνμ = 0

Hydrodynamics:  
Inexpensive, no magnetic fields, global features wrong

Image credit: Hakobyan
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Choosing the right approximation

∇*μ Fνμ = 0

Magnetohydrodynamics:  
Inexpensive, global features about right. Emission features?

Image credit: Hakobyan
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Choosing the right approximation

∇*μ Fνμ = 0

Hybrid particle-in-cell:   
Expensive, global features about right, electron fluid; relativity?!

Image credit: Hakobyan
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Choosing the right approximation

∇*μ Fνμ = 0

Force-free electrodynamics:   
Cheap, gets global dynamics of the jet ok, no disk accretion

Image credit: Hakobyan
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Choosing the right approximation

∇*μ Fνμ = 0

Spectral methods:   
Complicated! Very hard to do for fluid problems/shocks. BUT…

Image credit: Hakobyan
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Choosing the right approximation

∇*μ Fνμ = 0

Spectral methods:   
Work extremely well for black holes and gravitational waves!
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Choosing the right approximation

∇*μ Fνμ = 0

Particle-in-cell (Monte-Carlo-type sampling approach):   
Extremely expensive! Includes all the physics. Scale separation…?

Image credit: Hakobyan
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Choosing the right approximation

∇*μ Fνμ = 0

Vlasov Solver (Brute force 6D phase space):   
Extremely expensive! Does it really work for global problems?

Image credit: Hakobyan

How accurate can a computer draw? Sarah Habib
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Choosing the right approximation

∇*μ Fνμ = 0

Image credit: Hakobyan

How accurate can a computer draw?

Sarah Habib
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Choosing what is feasible!

Magnetic flux

Black hole

For conducting background

?
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Black hole accretion

Parfrey+(2019)

Develop current 
sheet within 
ergosphere.

Dynamics governed by  
magnetic reconnection!

Bransgrove+(2019)

Observational signatures  
and time scales can be  
influenced by reconnection dynamics 
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Ripperda+(2021)

Black hole accretion
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A new take on collapsing neutron stars
Hypermassive neutron stars 
formed in mergers eventually  
collapse to black holes

Lifetime can be up to ~ 1 day
Ravi & Lasky 2014

Essentially Oppenheimer-Snyder with magnetic fields!
Thorne (1971), Price (1972), Baumgarte & Shapiro (2003)
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Radio bursts after merger?
Recent interest due to claimed association of radio 
bursts with neutron star mergers 

Caveat: Dense ejecta environment… Bhardwadj+(2023), Radice+(2023)

Moroianu+(2023); Rowlinson+(2023)

nature of the EM emission, with most of the intensity
concentrated near the equatorial plane of the rotating star. This
lack of anisotropy has direct consequences on the event rate of
blitzars and detection rate of FRBs, indicating that if blitzars
are responsible for FRBs, then the event rate should be close to
a factor of two larger than the detection rate. As a final remark,

we should point out that the correct event rate of blitzars would
be determined by simulating realistic pulsars, meaning that the
rotational axis is misaligned with the magnetic dipole moment.
We intend to extend our present work to the misaligned case.
Having described the overall energetic of the EM emission,

it is interesting to correlate the measured radiated energy with

Figure 3. Top row is the same as in Figure 1, but for the case of the initial model F300.B13, i.e.,a neutron star rotating at 300 Hz and with a magnetic field of
1013 G. Note the presence at late times (right panel) of an ordered magnetic field because the black hole produced is of Kerr–Newman type. Bottom row is the same as
in Figure 1, but for the case of the initial model F600.B13.

7

The Astrophysical Journal, 864:117 (12pp), 2018 September 10 Most, Nathanail, & RezzollaRadio?

Image credit: Empire Engineering

ERM+ (ApJ 2018), see also Baumgarte+, Palenzuela+, Lehner+

What happens following the collapse?
Moroianu+(2023)

GW190425

Rowlinson+ (2023)

GRB201006A
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EM burst from collapsing neutron stars

Neutron star

nature of the EM emission, with most of the intensity
concentrated near the equatorial plane of the rotating star. This
lack of anisotropy has direct consequences on the event rate of
blitzars and detection rate of FRBs, indicating that if blitzars
are responsible for FRBs, then the event rate should be close to
a factor of two larger than the detection rate. As a final remark,

we should point out that the correct event rate of blitzars would
be determined by simulating realistic pulsars, meaning that the
rotational axis is misaligned with the magnetic dipole moment.
We intend to extend our present work to the misaligned case.
Having described the overall energetic of the EM emission,

it is interesting to correlate the measured radiated energy with

Figure 3. Top row is the same as in Figure 1, but for the case of the initial model F300.B13, i.e.,a neutron star rotating at 300 Hz and with a magnetic field of
1013 G. Note the presence at late times (right panel) of an ordered magnetic field because the black hole produced is of Kerr–Newman type. Bottom row is the same as
in Figure 1, but for the case of the initial model F600.B13.

7

The Astrophysical Journal, 864:117 (12pp), 2018 September 10 Most, Nathanail, & Rezzolla

Radio?

X-Ray?

Toy model +

Numerical relativity +
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nature of the EM emission, with most of the intensity
concentrated near the equatorial plane of the rotating star. This
lack of anisotropy has direct consequences on the event rate of
blitzars and detection rate of FRBs, indicating that if blitzars
are responsible for FRBs, then the event rate should be close to
a factor of two larger than the detection rate. As a final remark,

we should point out that the correct event rate of blitzars would
be determined by simulating realistic pulsars, meaning that the
rotational axis is misaligned with the magnetic dipole moment.
We intend to extend our present work to the misaligned case.
Having described the overall energetic of the EM emission,

it is interesting to correlate the measured radiated energy with

Figure 3. Top row is the same as in Figure 1, but for the case of the initial model F300.B13, i.e.,a neutron star rotating at 300 Hz and with a magnetic field of
1013 G. Note the presence at late times (right panel) of an ordered magnetic field because the black hole produced is of Kerr–Newman type. Bottom row is the same as
in Figure 1, but for the case of the initial model F600.B13.
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Plasma has large but 
finite conductivity. 

Image credit: Empire Engineering

Wave stumbles, forms 
monster radiative shock!

Beloborodov (2023)
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Image credit: Empire Engineering

ERM, Beloborodov, Ripperda (in prep)

Image credit: Disney
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Computational relativistic astrophysics
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∇*μ Fνμ = 0

Computational Relativistic Astrophysics

Questions? 
Visit us at Cahill 308!


