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Relativistic Bulk Collisions in Astrophysics:
a fast shell overtakes and collides with a slower shell

* Blazars: internal shocks (Rees 1978) u=TpB ~ 10 — 30
 Gamma-Ray Bursts (GRBs): internal shocks (Rees & Meszaros 1994) u ~ 10% — 103
* Magnetar Giant Flare (GF): outflow & external shell (JG et al. 2006) u ~ 1 — 10?2

e Superluminous Supernovae (SLSNe): ejecta & external massive shell

(Smith & McCray 2007) u ~10~2

e Fast Radio Bursts (FRBs): GF outflow + MWN or another GF outflow
(Lyubarsky 2014; Metger+ 2017; Beloborodov 2017) u ~ 10% — 104
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A Two Shell Collisions: (Rahaman, JG & Beniamini 2024b)

(cold & uniform shells, in 1D planar symmetry)

Pre-collision * 10 unknowns (py, ny, €3, B2, P3, N3, €3, B3, Brs, Prs)
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A Two Shell Collisions:

 Gamma-Ray Bursts (GRBs):

internal shocks

e Fast Radio Bursts (FRBs): GF
outflow + MWN or GF outflow
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A Two Shell Collisions:

relative upstream to downstream proper speed

Mirror symmetry (for a given uy4): FS < RS, f— 1/f

across reverse shock (RS)
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Ultra-Relativistic Shells:  _ s Equal proper density
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Prompt GRB Emission from Internal Shocks:

(Rahaman, JG & Beniamini 2024a) Equal-Arrival-Time Surfaces (EATS)

In our model:
1 collision = 1 pulse in the lightcurve
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(Credit: J.T. Bonnell (NASA/GSFC)) taken at a given observed time.




Lightcurves (single pulse; Rahaman, JG & Beniamini 2024a):
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Spectra (Rahaman, JG & Beniamini 2024a):

Example of Observations
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The weaker FS emission may mimic a “photospheric” quasi-thermal component or a
low-E,, spectral break — features that have been inferred in an increasing number of GRBs



Relating F (t) to the colliding shells properties:

B
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(Rahaman, JG & Beniamini 2024a)
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Numerical Simulations of Spherical Internal Shocks:
(Charlet, JG & Beniamini 2025)

Spherical effects cause the shock strengths to decrease with radius
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Numerical Simulations of Spherical Internal Shocks:
(Charlet, JG & Beniamini 2025)

Spherical effects cause the shock strengths to decrease with radius
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Numerical Simulations of Spherical Internal Shocks:
(Charlet, JG & Beniamini 2025)

Spherical effects cause the shock strengths to decrease with radius

Evolution of Peak Peak Flux vs. Frequency: Lightcurves / Pulse Shapes
Frequencies & Flux spherical vs. hybrid models
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An Oblique Two Shell Collision in 2D: Motivation & Reduction

2-shell collision — 2 x 1 shell - wall collision
(the CD that forms may be regarded as a wall)

SGR

lab frame S 1

evacuated cavity

Motivation: Magnetar
(SGR) Giant Flares (GF)
Radio nebula powered
by the SGR 1806-20
27 Dec. 2004 GF (u~ 1)
The 15 April 2020,
magnetar GF from the
Sculptor galaxy,

D =3.5 Mpc; u~100)

frame S’ 1
(sub — luminal case)

shock

0




Analogous to Shock reflection (a classic problem):

Shock Reflection Single Shell - Wall Collision

Vq

lab frame S

lab frame S 1

frame S’ 1
(sub — luminal case)

frame S’ 1
(sub — luminal case) shock 1
p1, P1

shock 2 Vacuum

0

P
(JG & Rabinovich 2024) (JG et al. in prep.)



Shock reflection (a classic problem): Oblique Shock

Shock Reflection

Vq

lab frame S

7% Shock Polar

2
3
] b
Thereisa = soctment porns ——}
sonic point S \
maximum |
frame S’ 1 . I9F ij
(sub — luminal case) shock 1 d eﬂ ection Mo=5 I
P1, Py | H 13+ JE
shockz ang € max ii
_____________ 7t ]
---- Po, Py |0 i
| g 1 1 / ili 2_
0 10° 20° 30° 40°

P
(JG & Rabinovich 2024)



Newtonian Shock reflection: studied in the steady state frame
Regular Reflection: Shocks attach to the wall
* 10 unknowns (py, n4, €1, B1, D2, N2, €2, B>)

* 10 constraints (2 EoS, 2 shocks x [mass,
energy, momentum x 2] conserved)

Detachment Criterion:
(close to sonic criterion)
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Relativistic Shock reflection (G 2 rabinovich 2024; Bera et al. 2024);

lab frame S

frame S’

(sub — luminal case) shock 1

shock 2

Vsl Vo) If vp > c (the super-luminal regime/region)
= = = = then the usual method of working in the
sSINnQ;  SINoh . . .
rest-frame of point P is inapplicable

‘1[)

A. Incident shock 1, driven by a piston, is the well known 1D shock tube problem
B. For reflected shock 2 & regular reflection we use integral conservation laws



Relativistic Shock reflection

(JG & Rabinovich 2024)

Shock 2 polar: u; =0.1

Shock 1 polar: u, = 6.12, 0.419, 0.314,
0.274, 0.231, 0.210
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Relativistic Shock reflection:

(JG & Rabinovich 2024)

shock 2, strong
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Relativistic Shock reflection (gera et al. 2024):

Reproduces the analytic
weak shock solution Lab frame (density) Steady frame (density)
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Relativistic Shock reflection (gera et al. 2024):

Strong Shock solution is found to be unstable & transitions to Weak Shock solution
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Single Shell — Wall Collision (G et al. in prep.):

Shock Reflection Single Shell - Wall Collision
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(JG & Rabinovich 2024)
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Fully analytic regular solution:
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Conclusions: Colliding Relativistic Shells

m Such collisions are expected in GRBs, blazars, magnetar GFs, SLSNe, FRBs,...
m One collision produces two shocks: forward shock (FS) & reverse shock (RS)

The reverse shock is typically stronger, dominating vF, near E .,k

The forward shock peaks below E .,k & might mimic photospheric emission
RS + FS produce diverse pulse shapes & spectra (also time-integrated)

Fits to data can help constrain important physical parameters of the outflow
Oblique collisions are analogous to the classical shock reflection problem
Both have analytic “regular” solutions for initially cold fluids

There is a super-luminal regime where only the weak shock solution exists
Between luminal & detachment lines an unstable strong shock solution exists

Oblique collisions modify f of I' > 1 shells, affecting their beamed emission






