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Tidal deformability

How does the family of EoS look like that  
maximizes the difference in , while being nearly identical in ?C Λ

Tidal deformability dopplergängers

Raithel & ERM (PRD 2023)

Not easy to 
distinguish!

What is a doppelgänger?

Image credit: Guardian
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Low-density phase transitions

What produces Doppelgängers? 
Studied a large sample drawn from > 1 Mio EoS models!


Density Density
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Dopplergängers are the result of low density phase transitions!
Check out Raithel & ERM (PRL2023; PRD 2023) for more details.

Raithel & ERM (PRD 2023)
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The final fate of a neutron star binary 

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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Sourcing sGRBs in neutron star mergers

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 sGRBs? 

Black hole!
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Sourcing sGRBs in neutron star mergers

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
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What’s the engine behind sGRBs? 

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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Blue kilonova from jet-like outflows?

Stellar jet-like outflows might 
contribute to blue kilonova 

component of mergers

Curtis+2023

Combi+2023
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Constraining the sGRB population

Salafia+ 2022  
see also Sarin+ 2022

Potential constraints from the 
sGRB population require 
reliable engine models

See Margalit & Metzger; Rezzolla, ERM+; Ruiz+; 
Shibata+;… for constraints from GW170817
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sGRB
Kilohertz QPOs in neutron star mergers?

Density

Small fraction of GRB recently reported 
to have quasi-periodic oscillations!


Chirenti+(Nature 2023)

2.6 kHz
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sGRB
Kilohertz QPOs in neutron star mergers?

Density

Small fraction of GRB recently reported 
to have quasi-periodic oscillations!


HMNS has kHz QPOs!

Chirenti+(Nature 2023)

2.6 kHz

Could these QPOs be coming from a 
neutron star?  Chirenti+(2019)
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Can gamma-ray 
burst QPOs 

provide 
additional 

constraints?

??

Implications for nuclear physics?

Chirenti+(Nature 2023)
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oscillations

2.6 kHz

Implications for nuclear physics?

Chirenti+(Nature 2023)

Raithel & ERM (in prep)

Challenge: 
Redshift unknown…

Proof-of- 
concept

???
Can gamma-ray 

burst QPOs 
provide 

additional 
constraints?
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Thinking about a model

Question: Can a hypermassive neutron star 
inject kHz variability into a jet-like outflow?
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Thinking about a model

Question: Can a hypermassive neutron star 
inject kHz variability into a jet-like outflow?


• Post-merger oscillations strongest 
during and shortly after merger


• Likely requires production of ultra-
strong magnetic fields during merger 


• Variability may correlate with 
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Thinking about a model

Question: Can a hypermassive neutron star 
inject kHz variability into a jet-like outflow?


• Post-merger oscillations strongest 
during and shortly after merger


• Likely requires production of ultra-
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Why magnetic fields pose a challenge

B < 1013 G B ≫ 1016 G
σ ≫ 10−4

Inspiral merger
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Inspiral merger



Elias R. Most

Why magnetic fields pose a challenge

B < 1013 G B ≫ 1016 G
σ ≫ 10−4 during merger

shear layer

Price&Rosswog (2006), 
Kiuchi+(2015,17), 
Palenzuela+(2021)

•Ampflication of magnetic field due to small 
scale turbulence in the merger


•Initial magnetic field topology seems to get 
washed out Aguilera-Miret+(2021)


Chabanov+(incl. ERM, ApJL ’23)

Inspiral merger

Magnetic field configuration after merger 
remains uncertain…
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Why magnetic fields pose a challenge

B < 1013 G B ≫ 1016 G
σ ≫ 10−4 during merger

shear layer

Price&Rosswog (2006), 
Kiuchi+(2015,17), Palenzuela+(2021)

Inspiral merger

Chabanov+(incl. ERM, ApJL ’23)

What’s the impact of different initial fields?
• see also Aguilera-Miret+(2021)
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What’s the impact of different initial fields?

Chabanov+(incl. ERM, ApJL ’23)
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What’s the impact of different initial fields?

Chabanov+(incl. ERM, ApJL ’23)
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Skoutnev, ERM+ (2021)
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involved ( e.g. viscous, 
resistive scales)

What small-scale dynamo 
processes operate during the 
merger? Rayleigh-Taylor dynamo?
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Skoutnev, ERM+ (2021)

Need a effective framework to model  
dynamo effects in global merger simulations!
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Small-scales
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Vastly different scales

ℒEM ≃ 1043 erg/s

Need a multi-scale approach to capture (effects of) all scales!

Effective models ?

∼ 50 km

Jet 

≫ 1000 km

Ab-initio modeling ??

∼ 50 km∼ 100 m

Binary Shear layer 

≪ 10−4 m

Small-scales
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Inspiration from nuclear physics
Non-equilibrium transport is critical to understand 
momentum anisotropies in heavy-ion collisions.

Leverage advances made by the nuclear physics  
community to study astrophysical systems!

e.g., Romatschke+(2008),  
Denicol+(2012,2018,2019), Kovtun+(2019), 
Bemfica+(2017,2022),  and many others 

Image credit: Weih/CMS/MUSES Image credit: Dong
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Kinetic theoryHydrodynamics

Hydrodynamics as an effective theory

∇μTμν
hydro = 0 pμ∂μ f = 𝒞 [f]

(xμ, pμ)…
mean free path λ

L

Collisionless (λ ≃ L)
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Collisional (λ ≃ 0)

Kinetic theoryHydrodynamics

Hydrodynamics as an effective theory

Tμν = Tμν
hydro + ϵTμν

(1) + ϵ2Tμν
(2) + …

∇μTμν
hydro = 0 pμ∂μ f = 𝒞 [f]

(xμ, pμ)

Hydrodynamics
Dissipative

…
∇μTμν = 0

Perturbatively include corrections to hydrodynamics

mean free path λ

ϵ ∼
λ
L

≪ 1

L

Collisionless (λ ≃ L)
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Dissipative Magnetohydrodynamics
First numerical scheme to handle 
general viscosities in the presence of 
magnetic fields for relativistic fluids.
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FIG. 7. Two-dimensional Kelvin-Helmholtz test with anisotropic heat conduction, shear viscosity and finite thermal gyrofrequency at t = 3.4.
the left column shows results in the extended magnetohydrodynamics (Braginskii-like) limit of the closure. The center column in addition
adds a subgrid model to include kinetic effects (limiting the pressure anisotropies according to mirror and firehose instabilities) that increase
collisionality. The right column corresponds to a non-resistive viscous simulation. The rows show the pressure anisotropy

��Pk � P?
�� relative

to the magnetic field, the in-plane shear-stresses ⇡xy and the norm of the in-plane heat flux |q|.
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ERM & Noronha (PRD 2021)

ERM & Noronha (PRD 2021)

Pressure anisotropy

uα ∇αΠ = − ζ ∇βuβ + …

uα ∇απμν = − ησμν − τ−1πμν + …

uα ∇αqμ = − κ∇μT − τ−1qμ + …

+δB b<μαπν>
α …

+ΩT bμνqν + …
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ERM & Noronha (PRD 2021)

Leverages a 14-moment closure 
derived from kinetic theory by 
the nuclear physics community.

Denicol+(2018,2019) ERM & Noronha (PRD 2021)

Pressure anisotropy

uα ∇αΠ = − ζ ∇βuβ + …

uα ∇απμν = − ησμν − τ−1πμν + …

uα ∇αqμ = − κ∇μT − τ−1qμ + …

+δB b<μαπν>
α …

+ΩT bμνqν + …
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ERM & Noronha (PRD 2021)

Leverages a 14-moment closure 
derived from kinetic theory by 
the nuclear physics community.

Denicol+(2018,2019) ERM & Noronha (PRD 2021)

Pressure anisotropy

Novel fully flux conservative 
approach with stiff relaxation.

Well suited to handle highly 
turbulent astrophysical flows!

uα ∇αΠ = − ζ ∇βuβ + …

uα ∇απμν = − ησμν − τ−1πμν + …

uα ∇αqμ = − κ∇μT − τ−1qμ + …

+δB b<μαπν>
α …

+ΩT bμνqν + …
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Applications to dynamo physics
Can use same philosophy to think 
about mean-field dynamo theory.

Common in other contexts: 
Accretion disk (Del Zanna, Bugli+,Sadowski+,…) 
Galaxy dynamics (Teyssier+,…),  

Supernova (White, Burrows+,…) 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αΩ − dynamo



Elias R. Most

Applications to dynamo physics
Amplification during merger

ERM+ (in prep)

Can use same philosophy to think 
about mean-field dynamo theory.

Common in other contexts: 
Accretion disk (Del Zanna, Bugli+,Sadowski+,…) 
Galaxy dynamics (Teyssier+,…),  

Supernova (White, Burrows+,…) 

τuα ∇αJ<μ>
e + Jμ

e = σeμ + αbμ + βεμναγ ̂βνbα(Je)γ + …
⃗E = − ⃗v × ⃗B + α ⃗B + β ⃗J × ⃗B

For now, try a simple
 in the near 

ideal GRMHD regime.
αΩ − dynamo
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Thinking about a model

Question: Can a hypermassive neutron star 
inject kHz variability into a jet-like outflow?


• Post-merger oscillations strongest 
during and shortly after merger


• Likely requires production of ultra-
strong magnetic fields during 
merger 


• Variability may correlate with 
equation of state, but also with 
magnetic field topology
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Simulation setup
•Need to perform full numerical 

relativity GRMHD simulations 
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oscillations


ERM & Quataert (ApJL 2023)



Elias R. Most

Simulation setup

ERM+ (in prep)

•Need to perform full numerical 
relativity GRMHD simulations 
of merger and post-merger 
to connect outflow and 
oscillations


ERM & Quataert (ApJL 2023)



Elias R. Most

Simulation setup

ERM+ (in prep)

•Need to perform full numerical 
relativity GRMHD simulations 
of merger and post-merger 
to connect outflow and 
oscillations


•Use DD2 and APRLDP. 
(QPO frequency at zero 
redshift consistent with 
13km neutron stars)

ERM & Quataert (ApJL 2023)



Elias R. Most

Simulation setup

ERM+ (in prep)

High B

Low B

GW170817-like binary

•Need to perform full numerical 
relativity GRMHD simulations 
of merger and post-merger 
to connect outflow and 
oscillations


•Use DD2 and APRLDP. 
(QPO frequency at zero 
redshift consistent with 
13km neutron stars)

•Initial field amplification  
due to -dynamo, then self-
consistent evolution


α

•Study two magnetic field 
configurations, leading to 
magnetization  
close to the surface.

σ = 0.01; 0.001

ERM & Quataert (ApJL 2023)
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Flares from hypermassive neutron stars

differential rotation

Ω

the low-mass binary, while the bottom one to the high-mass
binary. Also when considering this different technique it
emerges rather clearly that the averaging procedure has
little influence on the angular-velocity distribution.
However, two exceptions are also equally clear and for
obvious reasons. The first one is offered by the binary
ALF2-M135 case, whose HMNS collapses at approxi-
mately 15 ms (cf. Fig. 2) and whose “late-time” averaging
window is obviously spoiled by the large increase in Ω
occurring before the collapse. The second exception is
given instead by the binary GNH3-M135, which has
instead a long-lasting transient postmerger phase, with
the two stellar cores still clearly visible. Also in this, the
“early-time” averaging is not representative of a quasista-
tionary stage. Excluding these two obvious pathological
averaging windows, the maximum angular-velocity
changes by 5% at most for all masses and EOSs.

2. Impact of π-symmetry

We next consider the impact of having imposed a π-
symmetry in our simulations. While this is a perfectly
reasonable option in view of the considerable savings in
computational costs, it also blinds us to the development of
an m ¼ 1 instability that has been reported by a number of
groups [131–133]. While the gravitational-wave signal
associated with the instability is always smaller than the
dominant one coming from the m ¼ 2 deformations in the
HMNS, so that its observation by current generation
detectors is unlikely and will require third-generation
detectors [132], it is useful to verify whether the presence

of the one-arm instability would leave an imprint on the
angular-velocity profiles despite the azimuthal average.
To this scope we have considered the evolution of an

equal-mass binary with the LS220 EOS and a gravitational
mass of 2 × 1.350 M⊙ (cf. binary LS220-M135 in
Table I), evolved with and without π-symmetry to inves-
tigate the influence of the instability on the rotation
profiles. The corresponding angular-velocity distribution
on the equatorial plane for the simulation without the
π-symmetry is shown in the left panel of Fig. 20 at four
representative times after the merger and when the HMNS
has reached a quasistationary state. Comparing such a panel
with the bottom rows of Figs. 3 and 9, where the
π-symmetry is imposed, highlights the presence of a small
m ¼ 1 deformation. The right panel of Fig. 20, on the other
hand, reports the corresponding azimuthal and time-aver-
aged profile for two simulations. The black dashed line
refers to the π-symmetric run, while the black solid line to
the run without π-symmetry; in both cases the average is
done between t ¼ 5 ms and t ¼ 12 ms.
Clearly, no sign of the m ¼ 1 deformation is present, as

one would expect from an averaging process; rather, the
angular velocity shows similar quantitative behavior with
and without the use of π-symmetry. The greatest difference
is in the very centre of the HMNS where the angular
velocity is higher with π-symmetry than without. The
maximum angular velocity is 1% larger with π-symmetry
and the location of the maximum is slightly shifted to larger
radii. Both runs exhibit quasicircular orbits at larger radii.
We conclude that in the very interior of the HMNS, the use
of π-symmetry plays a small role, but also that outside a

FIG. 20. Left panel: angular velocity distribution on the equatorial plane at four representative times for a binary with the LS220 EOS
evolved without π-symmetry; note the appearance of an m ¼ 1 deformation in addition to the larger m ¼ 2 deformation. Right panel:
corresponding azimuthal and time-averaged profile for the same binary with π-symmetry (black dashed line) and without (black solid
line) at a resolution of Δx ¼ 0.15. Additionally, low resolution runs of Δx ¼ 0.20 (red solid line) and Δx ¼ 0.25 (green solid line) are
shown. All resolutions exhibit the same behavior already discussed above.

MATTHIAS HANAUSKE et al. PHYSICAL REVIEW D 96, 043004 (2017)

043004-22

Hanauske+ 2016

KeplerianUniform

ERM & Quataert (ApJL 2023)
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the low-mass binary, while the bottom one to the high-mass
binary. Also when considering this different technique it
emerges rather clearly that the averaging procedure has
little influence on the angular-velocity distribution.
However, two exceptions are also equally clear and for
obvious reasons. The first one is offered by the binary
ALF2-M135 case, whose HMNS collapses at approxi-
mately 15 ms (cf. Fig. 2) and whose “late-time” averaging
window is obviously spoiled by the large increase in Ω
occurring before the collapse. The second exception is
given instead by the binary GNH3-M135, which has
instead a long-lasting transient postmerger phase, with
the two stellar cores still clearly visible. Also in this, the
“early-time” averaging is not representative of a quasista-
tionary stage. Excluding these two obvious pathological
averaging windows, the maximum angular-velocity
changes by 5% at most for all masses and EOSs.

2. Impact of π-symmetry

We next consider the impact of having imposed a π-
symmetry in our simulations. While this is a perfectly
reasonable option in view of the considerable savings in
computational costs, it also blinds us to the development of
an m ¼ 1 instability that has been reported by a number of
groups [131–133]. While the gravitational-wave signal
associated with the instability is always smaller than the
dominant one coming from the m ¼ 2 deformations in the
HMNS, so that its observation by current generation
detectors is unlikely and will require third-generation
detectors [132], it is useful to verify whether the presence

of the one-arm instability would leave an imprint on the
angular-velocity profiles despite the azimuthal average.
To this scope we have considered the evolution of an

equal-mass binary with the LS220 EOS and a gravitational
mass of 2 × 1.350 M⊙ (cf. binary LS220-M135 in
Table I), evolved with and without π-symmetry to inves-
tigate the influence of the instability on the rotation
profiles. The corresponding angular-velocity distribution
on the equatorial plane for the simulation without the
π-symmetry is shown in the left panel of Fig. 20 at four
representative times after the merger and when the HMNS
has reached a quasistationary state. Comparing such a panel
with the bottom rows of Figs. 3 and 9, where the
π-symmetry is imposed, highlights the presence of a small
m ¼ 1 deformation. The right panel of Fig. 20, on the other
hand, reports the corresponding azimuthal and time-aver-
aged profile for two simulations. The black dashed line
refers to the π-symmetric run, while the black solid line to
the run without π-symmetry; in both cases the average is
done between t ¼ 5 ms and t ¼ 12 ms.
Clearly, no sign of the m ¼ 1 deformation is present, as

one would expect from an averaging process; rather, the
angular velocity shows similar quantitative behavior with
and without the use of π-symmetry. The greatest difference
is in the very centre of the HMNS where the angular
velocity is higher with π-symmetry than without. The
maximum angular velocity is 1% larger with π-symmetry
and the location of the maximum is slightly shifted to larger
radii. Both runs exhibit quasicircular orbits at larger radii.
We conclude that in the very interior of the HMNS, the use
of π-symmetry plays a small role, but also that outside a

FIG. 20. Left panel: angular velocity distribution on the equatorial plane at four representative times for a binary with the LS220 EOS
evolved without π-symmetry; note the appearance of an m ¼ 1 deformation in addition to the larger m ¼ 2 deformation. Right panel:
corresponding azimuthal and time-averaged profile for the same binary with π-symmetry (black dashed line) and without (black solid
line) at a resolution of Δx ¼ 0.15. Additionally, low resolution runs of Δx ¼ 0.20 (red solid line) and Δx ¼ 0.25 (green solid line) are
shown. All resolutions exhibit the same behavior already discussed above.

MATTHIAS HANAUSKE et al. PHYSICAL REVIEW D 96, 043004 (2017)

043004-22

Hanauske+ 2016

KeplerianUniform

Buoyant instabilities cause 
magnetic loops to rise up!

NASA
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Flares from hypermassive neutron stars

Differential rotation twists the 
loop, causing it to inflate.

ERM & Quataert (ApJL 2023)
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Reconnection triggers flaring!

Solar flare
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Flares from hypermassive neutron stars

Reconnection triggers flaring!

Solar flare

NASA

Magnetar flare

Mahlmann+(ApJL 2023, 
incl. ERM)
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Density

Flares and quasi-periodic outbursts can be 
driven from ultra-magnetized mergers!

Magnetically driven outbursts
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See also Kluzniak & Ruderman (1998); Beloborodov (2014)

ERM & Quataert (ApJL 2023)
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Properties of flares and outbursts
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Density

Association of frequencies depends on field strength, EOS,…

Using GRBs to learn about dense matter?

GRB QPO
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Density

Summary

Ultra-strong magnetic fields 
produced in the collision of 
two neutron stars can give 
rise to flaring, quasi-periodic 
outbursts and jets.
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Flaring and outflow variability correlates 
largely with magnetic shearing. 
More work needed to clarify 
systematic(?) dependence on EOS and 
magnetic field topology.
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