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Outline

+ What are the Gamma-Ray Bursts (GRBs)?

» Evidence of Neutron Star or Black Hole

* Afterglow Emission: Multipolar emission from highly magnetized NS

+ GRBs, newborn NS, BH, and Afterglow emission (Swift-XRT observation)

» Dainotti relation and NSs

+ Constraint on Equation of States by afterglow emission of some specific SGRBs?

+ Toward a more complex solution for Afterglow: eccentricity...Model the newborn NS through the

equilibrium sequence of Maclaurin spheroids

+ Conclusions
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Gamma-ray bursts (GRBs)

Standard Model of Progenitors

Gamma Ray bursts are

Extremely energetic explosions!

o The most FUMINOUS o rces in the universe!

o if explosion < 2s — SHORT GRB.

@ if explosion > 2s — LONG GRB.

Short gamma-ray burst
(<2 s duration)

Long gamma-ray burst
(>2 s duration)
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* - Temporal behavior, flux evolution, and high-latitude emission.

- - Identification of a new subclass (Chen Wei’s talk)
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@ B — more than one GRB a day!



2. BH + the aligned magnetic
field (BO) Moradi et al A&A

Analogy with Kerr-Newmann

Dyadoregion
The dyadoregion energy:
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where ry is the radius of the dyadoregion

1/2
(cg)zzu_au ¢ x2 ~2202) / ©)

with e = EcM» G8/2/c* ~ 1.873 x 1078, and

X

X = (2BpJG/c?)/(VGM), (7)

is the effective charge-to-mass ratio.
The characteristic width of the dyadoregion, which demonstrates the region in which
the electric field around the BH is overctitical is

Aa(t) = ra(t) — e (1), (®)



Over Critical E field regime and

Ultrarelativistic prompt emission phase
Dyadoregion

C. Cherubini et al PRD 79, 124002 (2009)

2 3
Ec = e is the critical value of vacuum polarization , where me and e are the
electron mass and charge, respectively.

BH mass 10M_, and effective charge to mass ratio of ~ 0.1

T~ O1 Nyt,— X [ro —rq] ~ 107°—104! >>— |

e e+ e- plasma-Baryon expansion
because of its internal pressure!
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s nature > letters > article

= Letter | Published: 11 June 1992 3
- Millisecond pulsars with extremely strong magnetic =
fields as a cosmological source of y-ray bursts

Explains afterglow e

Nature 357, 472-474 (1992) | Cite this article
‘%Highly magnetized NS is formed after WD-RD/
. WD merger '
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Short GRBs (NS-NS mergers): Afterglow

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds

supra-massive NS

Jet-like

Stable NS | B » ‘ i o < ; o .‘ ] venf:g:rgeen:ﬁeld
BH

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

15.3 milliseconds 21.2 milliseconds 26.5 milliseconds

Credit: NASA/AEUZIB/M. Koppitz and L. Rezzolla

 The role of supra-massive NS is more pronounced




Neutron stars or Magnetars

| * Our understanding of the Magnetic field: Dipolar fiel

~ » Afterglow of GRBs: Newborn highly magnetlzed

%Dipole component has limits in explaining the

afterglow;

~ | 4pAlthough it was successful in some aspects, but t"-2

cannot explain majority of the afterglows

| fpObservation: th-a; a=148+0.32
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Multipolar Spin-Down of Newborn Magnetars.

+ o Higher-order multipoles (quadrupole, hexapole, octopole)

dominate spin-down in newborn millisecond magnetars. |,

) Spin—down luminosity:] Ll =iC QZH_ZBZZ Rzl+4@l

6

i

- D1pole (1= 1) Lo Of— decay index -2
* -Quadrupole (l=2): Lo« Q6 — decay index -1.5

+ - Hexapole (I= 3) L x Q8 — decay index -1.33

Luminosity (erg/s)

* o Example SGR 0418+5729 shows Weak dlpole but stron

1040 =
multlpoles (~1015 G).

—— Dipole
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e Fig 3: Increasing B with I:

- Early: High-1 (e.g., octopole) dominates

- After ~108 s (~3 yr): Dipole takes over
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Solving the GRB Alfterglow Ll

e Swift-XRT: 204 GRBs with plateaus —
‘decay slopes peak at -1.55 (range -1 to
£-2).

e Matches multipolaf predictions (quad:
i -1.5, hex: -1.33).
" e Reduced x? better fit, F-test for the

nested models.

® [ bol=5 X Lxrr

|

18

Liat(t) = Y Li(t).

Since the rotational energy loss satisfies

Erot - I Q Q _—— Ltot (t) (3)

one immediately gets

oo
IN0=-) CBIR*ejQ*? =
=1

Q e —ZKlng-la
=1

with K, = C\B}R**10%/1. We treat it as a
separable ordinary differential equation:
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f: Kl Q2l+1
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- This integral is the implicit solution:
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RB 060604:

RB 060614:

L GRBs fitted with multipolar spin-down

Hexapole-dominated

Dipole-dominated

RB 050814 /051016B: Quadrupole-dom
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e Multipolar fields are essential for pair production in NS magnetospheres.

* Observational and simulation advances demand multipolar components.

* SGR 0418+5729:
- Dipole B ~ 102 G (spin-down)
- Multipole B ~ 105 G (cyclotron lines)

e PSR J0030+0451 (NICER): Thermal X-ray pulsations imply multipoles.

* Required to explain flares, irregular timing, and detailed X-ray features.

* Younger magnetars (e.g., SGR J1935+2154, SGR 0418+5729) show strong multipoles:
- B_dip ~ 4x10* G, B_non-dip ~ 10 G

» Aged magnetars — dominant dipoles; younger ones — pronounced multipoles.

. Early-sfage data scarce: CDF-S XT2 is the only known young magneteir (post NS mérg‘er-).

N

ASA's NICER Tracks a Magnetar's Hot Spots

NASA SVS
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Possible Newborn Magnetars

Article

Afastradioburstassociated with a Galactic
magnetar

. V.Rave’, K. V. Belov’, G. Hattnar”, J. Kocz™!, 8. R. Kulkaenf® & D. L. McKenna®
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The formation of magnetar is associated with and

plays a critical role in various areas of astrophysics; nature
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Superluminous supernova (SLSNs); e e

A very luminous magnetar-powered supernova
associated with an ultra-long y-ray burst

Jochen Greiner &, Paolo A. Mazzall, D. Alexander Kann, Thomas Krihler, Elena Pian, Simon Prentice,
Felipe Olivares E., Andrea Rossli, Sylvio Klose, Stefan Taubenberger, Fabian Knust, Paufo M. J. Afonso,

Gamma-ray bursts (GRBs); |
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Letter to the Editor
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A magnetar model for the hydrogen-rich super-luminous
supernova IPTF1 4h|S Nature 523, 189-192 (2015) | Cite this article
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GRB 090510 Swift BAT+XRT

,l:‘ -6 Peak prompl flux
w
‘g -8 ‘-k\ Plateau phase
g’ -10 | Afterglow
e Dainotti Relation: log Lx =log a + b log Ta* (b= -1.07) “3, =12
| 2 -14 5
! . , : . . -2 -1 0 1 3
Purpose: Standardizes GRBs, probes central engine physics. .
- * Central Engine: Magnetars (highly magnetized neutron stars).
~ * Issue: Dipole spin-down predicts o = -2.
e Observation: Swift-XRT data (238 GRBs) show a in [-1, -2].
* Figure: Distribution of decay indices a (79% between -1 and -2, §
* median -1.39).
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* Multipolar spin-down gives b = -1 slope: log L_X « -log T_a*
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e Normalization varies with “1”
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~ « Observed upper limit for Platinum GRBs sample imply 1 ~1.06 log 7 [(s, rest — frame)]
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1. Plateau emission may arise from external shocks.
2. Jet geometry and efficiency affect true luminosity.

3. Plasma/Wind effects.

4. Black hole models (e.g., Blandford—Znajek) can mimic relation.




» Multipolar model explains slope and decay index range.
 Higher-order multipoles dominate early emission.

e Future work:

* - Constrain Ex and 0j for individual GRBs.

» - Use multiwavelength data to refine estimates.

- Explore hybrid central engine models.

. Impliéationf Magnetars with multipoles can unify GRB afterglow behavior.




Probing Neutron Star EOS via SGRB Magnetar Collapse

LRRRS

NS-NS Mer SMNS —— i l H Formation

* SGRB “internal plateaus” suggest supramassive magnetars

temporarily stable via rapid rotation.

* Collapse time (tco) and X-ray decay constrain mass—spin

\

conditions at BH formation.

* Goal: Probe the Equation of State (EOS) of neutron stars at
supranuclear densities. schematic
e Why It Matters: EOS determines maximum mass (M_TOV),

radii, and phase transitions (e.g., quark matter).

eFigure: NS merger — SMNS — X-ray plateau — BH collapse



SGRB Eiso Py Buip Bquad Collapse time Epp AP
(erg) (ms) (10" G) (10" G) (s) (erg) (ms)
051210  (0.72) 5.987}%5x10%'  1.01+0.29 - 13.740.9 120413 (1.68+ 0.44)x105! 3.240.1
060801  1.13 1.177;79x10%  2.7+0.1 . 69.8 £0.9  220+24 (2.68+0.74)x10°° 6.4 £0.5
080905A 0.122 6.167,%3x10%°  6.9+0.3 18.74+0.2 214+ 12 (6.1 £0.41)x10%° 22.6 +0.6
080919  (0.72) 5.181932x10%! 15.140.3 21.6+1.1 233435 (3.91+1.01)x10%°  21+3
081024  (0.72) 5.657593x105!  5.2+04 32.5+0.4 80+10 (1.54+0.24)x10°  10+0.6
090515  (0.72) 3.44%333x10°° 2.840.1  3.6+0.3 100+3 (3.8+£ 0.81)x10°°  1140.1
100702A  (0.72) 2.28%335x10%' 29401  6.840.7 14842 (1.7240.37)x10%°  16+0.1
101219A 0.718 1.697079x10%  1.6+04  1.940.9 125+13 (2.59+0.28)x105!  3.4+0.2
120305A (0.72) 2.027010x10%2  3.7+£0.1  6.440.8 150+27 (6.17£1.2)x10°  6.7+0.1
120521A (0.72) 8.4213%1%x105! 9.240.3 11.440.5 144440 (1.36+0.39) x10%°  12.140.4

e Data Source: 10 SGRBs with Swift-BAT/XRT internal plateaus + rapid decay (Table ).

e Spin-down Luminosity: Li(t) o< B2Q*2(¢)

» Multipolar spin-down (quadrupole, hexapole) better fits than dipole.

e Fitting: LMFIT used; F-tests confirm higher-order field components (e.g., GRB 051210).

e Collapse Time (tco): Sharp luminosity drop — exceeds Merit(at).
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MIF R . Christodoulou 1970); Christodoulou & Ruffini &

crit

(Mo) (ko) - (1971); Hawking (1971):

220 0.017 1.61 12.5
239 0.011 1.69 121
2.81 0.006 1.68 13.8

GRB 101219A

The energy condition is obtained from the mass-energy
formula of the Kerr BH [1-3]

& J? 3
= 1M, + M. (1)
N S _ The extractable energy of a Kerr BH E.; is given by
the subtracting the irreducible mass, M;,, from the total
mass of the BH, M:

Mexie(§) = M5’ (1 + kgP), / /—)
- t Eext = (M = -Z\/firr)c2 — (1 = w Mc?.
Cipolletta et al. (2015) { == BestFit: Quadrapole Componen

(2) -—— x-.90
which we use to obtain M as a function of o, M (), by +  SwiftXRT Data (0.3-10 keV)
requesting the condition that observed post-plateau (PP) T
emission originates from BH extractable energy, i.e.

M2

Y -

Luminosity (erg.s™1)

§ Do e e

EPP = Eext . (3)

. BH’s MASS ->‘='>_NS"S MASS M > Mcrjt(a) = MTOV(]' + kjl) CaNRET ..




EOS - R I

(km) (10%g cm?)
TM1 220 0.017 1.61 12.5 2.81
GM1 239 0.011 1.69 121 3.12
NL3 281 0.006 1.68 13.8 4.99

e Collapse Criterion: M > Meit(a) = Mrov (1 + kj') EOS-dependent (Table).

e Post-collapse Energy:

* Powered by Blandford-Znajek process? We don’t care at this stage.

. Obseryational Match: Integrated X-ray tail luminosity EPD*COHStI'aiIlS M, a at collapse.




Strategy: Compe Pxs (from spin-down) to Psu (from e enrgy at t_co). -
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“UGRB 101219A

=== Best Fit: Dipole Component

Luminosity (erg.
3’;

» Assumptions: '
* 1. Plateaus powered by magnetar (wind), not external shocks. é e
* 2. Constant radiative efficiency and jet angle. E g v wm’ O
7‘ » 3. Full Kerr energy extraction (no GW/accretion losses/radiation efficiency). 20% A{éP>
e Limitations: » i
- Lack of high quality data: GM1/TM1 degeneracy (~20% A{AP)). . )
» - No exotic EOS (e.g., quark matter). Mgy & 2ol LMo ;-0045 i
* - Limited to 3 nucleonic EOSs. | o L
. M > My(a) = Mrov(1+ ki) % i
33 B




 SGRB magnetar collapses offer a new probe into supranuclear matter EOS.

e Key Result: Intermediate EOS (GM1, Mtov = 2.4 Msun) preferred.

. NeXt Steps: Moy =~ 2.3+0.1 Mg

- Expand SGRB samples (e.g., Einstein Probe).
- Include hybrid/quark EOS, GW, accretion physics.
- Full GR simulations (e.g., RNS).

e Impact: Unifies electromagnetic and GW signals in EOS constraints.




Luminosity (erg.s™ %)

Eccentrlmty of NS’? GW Emission?
- Or Black hole??

It is a newborn highly rotating NS,

Eccentricity is expected!

GRB 190114C
GRB 220101A

GRB 190114C, 2=0.425, Ej=2.5 % 10°% erg

425, Ejso =2.5 g 57 — =D 0X1053t—l.24t0.03
54 | )
10 16 a5 ]
lm s =242, )-m erg 10~ L, =1.6x10%8t219+0.18
102 ' ~ Swift-XRT (0.3-10 keV)
Yot . SSE 1051 |
107 T /
.7"I (n-
A48 ““\ bDlOSO’
0 R ~ =
ay=1.37£0.05 LI | ﬁ‘ L0F
i agey=1.41£027 .h»“h, >
10 Fermi-GBM 10 keV-10 MeV Rg % = 49 | .
4 Swift-XRT 0.3-10 keV — - 10 \\~
10" 4 Fermi-LAT 0.1-20 GeV =
4  9GHz é 48
102 5.5 GHz ™ 510 1
r Band R % L) )J
¢ SN bump: 4000-7000 A ® 20 a
10" =03 L 47
—4$— MAGIC 0.3-1 TeV o 10 i
M VNS-rise: obtained from Fermi-GBM
38
10" 10" 10' 10° 10" 10° 10° 10° 10’ 46
Rest-Frame Time (s) 10 E

10° 10" 1(‘)2 1(‘)3 10* 108




10
- 107 4
A
£
5 0%+
3
IolS
—_— k=0
10%4 — k=50
— k=100
10" x=200
10° 10' 10° 10° 10 10° 10° 107

t(s)

Figure 5. EM dipole and quadrupole emission of the compressible
model withI"=1.43, B = 10'6G and different fraction of dipole to
quadrupole moments as labeled.
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Multi-messenger signatures of a deformed magnetar in gamma-ray bursts
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- Sensitivity and SNR values for different detectors.

Frequency [Hz]

ALIGO-04
ALIGO-05
KAGRA-O5
ET

—— B =1.0e+16 G, £ = 1.0e-02
—— B =1.0e+14 G, £ = 1.0e-03
— B = 1.0e+14 G, € = 1.0e-02
—— B =10e+16 G, £ = 1.0e-03

GW Detector S(fy ~ 1 kHz)/vHz SNR
ALIGOO4 5.75x 10724 2.02
KAGRA O5 1.28x 10723 0.93
ALIGOO5 2.53x107%4 4.69
5.76 x 10725 20.62
3.27x 1072 36.32




“Multipolar Magnetic field is successful in explaining the afterglow of GRBs

~Eccentricity is needed in explaining the afterglow evolution of energetic GRBs

- For having a more realistic solution: combine both and consider the proper Equation of stat =. -' |
(EoS) '

L =LGwW . Ldip + Lquad +....
*Numerical Solutions are needed to test different EoS

*Proper EoS, in turn can explain the early flares activities in afterglow of GRBs and GW

emission.




Moradi et al., PRD104, 063043 (2021)

“Most used model of LGRBs is Collapsar
“Formation of a BH is necessary in Collapsar model
~Two possibilities:

*1. BH can behave like magnetar!

*2. LGRBSs’ progenitor is a binary system! =L
oS PROE 1 .







