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Between the “whoop” and the “ding”

Binary neutron star merger
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Or: Is the central engine
a black hole
or
a neutron star?



... a hypermassive neutron star?

neutron stars ‘. HMINS black hole

HMNS lives for < 1s, spins tast, jiggles and emits kHz GWs
too high tor current GW detectors!

Can the HMNS power the short GRB?

(In the astro community: millisecond magnetar scenario)



Can Neutron Stars launch jets?

Yes!

We see jets from NSs all the time
(pulsars, LM XBs...)

lypically, Lorentz factor I' of the
jet corresponds to the escape
velocity of the star

Other stars can also launch jets: e.g. ‘ - eusmwnonesua”
* I"laun (young, low mass, variable stars)
* planetary nebulae (red giant on its way to become a white dwart)

—~ PULSAR



Can Neutron Stars launch GRBs?

Maybe!

Observed y-ray extended
emission, X-ray plateaus, and
optical rebrightening can signal
late time energy 1njection from
magnetar central engine

But GRBs typically have
[ ~ 100 — 1000

(magnetic fields?)

Recent simulations:
* see e.g. Mosta et al. 2020 Gao etal. 2015
* 1t 1s easier to simulate jets with black holes
 HMNS scenario requires dynamo amplification of B field



HMNS Quasi-periodic oscillations

HMNNS signal:

short-lived
time-evolving
dissipative™

|

quasi-periodic oscillations

(QPOs)

Could the
(GRB show
these QPOs?

Takami, Rezzolla & Baiotti, 2014

*simulations also have numerical dissipation!



Examples of quasi-periodic oscillations

X-ray tail of SGR 1806-20 giant flare
black hole X-ray binary X'I'E J1550-564
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GRB QPOs?

G

How does the HMNS

oscillate?

Takami, Rezzolla & Baiotti, 2015 Stergioulas et al. 2011

— 2.800c-0°

How (and when) could the
oscillations transmitted to

the GRB?

Nedora et al. 2019 adapted from Lorimer & Kramer, 2004




What we are looking for:

Oscillations that

—

| At
last for approx 100 ms (lifetime of an HMNS) n, = Elaosc\ Kf
have frequencies in the range 500 — 5,000 Hz

How: Bayesian model comparison

Model 0: White noise only half-overlapping segments

(approx 100 ms)

< > > < > < > < >< > >

Model 1: White noise + QPO

We analyze each burst divided into

short segments and quote the Bayes
factor in favor of the noise + QPO
model for each segment

total burst duration
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Initial analyses: Lessons learned

Swift/BAT

sGRBs without spikes
all sGRBs
LGRBs without spikes
all LGRBs

Causes of fake QPOs

Cosmic rays

Detector artifacts™

(Data corruption)

Red noise contamination

*https://switt.gstc.nasa.gov/analysis/
bat_digest. html#spurious-signal



Opening the treasure trove

vise only | noise + QPO Fermi/GBM = More than 700 short

I | CGRO/BATSE (all energies) m——1
H odel | model Swift/BAT GRBs analyzed

oreferred | preferred

Fach GRB split in

smaller segments for
analysis

Nothing pops up 1n

Fermi or Swilt data
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Something 1n the
BATSE data?

Let’s look more closely.




CGRO transtormed GRB science
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Opening the treasure trove

DISe only | noise + QPO CGRO/BATSE 1

I | CGRO/BATSE (high energy)
H odel model Fermi/GBM m——1

eferred preferred Swift/BAT

Nov 1 1993 July 11 1991

“GRB ™ £ G RB
/931101B '} /910711 %
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... and bang! Two signals.

'1'he combined false

positive rate 1s
I in 3.3 million!

Both signals have:
2 QPOs each
with similar frequencies
and good agreement with
simulations



Light curves and power spectra

GRB910711
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BATSE GRB distribution

all energy channels |
> 100 keV
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How special are these bursts?



False positive estimate 11
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The combined false positive probability for the entire sample is ~ 3 x 107’




https://www.youtube.com/watch?v=IMcU2msYbFE



https://www.youtube.com/watch?v=IMcU2m5YbFE

Interpretation?

T'hese signals are consistent with an HMNAS:

C )) QPO 2 Higher frequency!
A ~ 2.6 kHz, higher amplitude

info on NS composition

(o) PO 1 Hieh frequency!
0) gh frequency
A ~ lkHz

lower amplitude

Important: ['he redsiift of
these GRBs 1s not know; the
QPO frequencies are detected

in the detector frame!




LLearning about the neutron star equation of state

QPOs + NR NICER + GWs + GRB

EOS models compatible 2 ! max. R
with QPO min. R(Mumax = 2.0 Mg)

PSR J0740+6620

bttt f bt

\0

- QPO (without redshift correctiQn)

Mass M (Mg |

el PSR J0030+0451

EOS models incompatible
| | with QPOI 5F
[ R | U NN N S NN TN TN TR SN NN N SN N
12 13 14 ,, 10 T .
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adapted from Lioutas et al., 202r1 adapted from Reddy, 2021




From gamma rays to radio?

Radio

Where do we look?
R.A.: 209.9°
Dec: -16.4°
Error: 9.3°

. No engine

“Challenge accepted!”

10V 101 - radioastronomer
Time |years]

Sarin et al. 2022



Past and Future

“Why BATSE”? Future missions:
BATSE BAT GBM AMEGO-X| COSI
2
Effective 256
area (cm?) 2,000 1,400 240 1,200 (physical area)
liming 2 100 2 10
(microsec) 3




Simulated
Gravitational
Waves

Detected
Gamma-ray

QPOs

Between the whoop and the ding of a binary |
NS merger, an HMNS can be formed. We 5|

looked for them and found two:

GRB 910711 and GRB 931101B.

W\/\//twww/mm

Milliseconds

GRB 910711 Data

Future gravitational wave detectors (2030s)
will be sensitive to these kHz tfrequencies too!
In the meantime, we’ll be looking for them
with gamma rays.



False positive estimate |

CGRO/BATSE (high energy) —
Poisson noise
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False positive estimate 111

GRB Trigger # Too (ms) Counts Prob(AlnL? > 56.4) Prob(AlnL3 > 33.3)

910711 512 14 1790 5.9 x 10~° 9.2 x 103
910508 207 30 1254 2.25¢ 1.0=° 1.6 x 103
931101B 2615 34 524 2.6 x 106 1.3 x 103
910625 432 50 1810 7.2 x 107 9.3 x 10~4
910703 480 62 2278 1.8 x 10~ 7 7.5 x 104
940621C 3037 66 710 2.0 x 1010 7.9 x 1076
930113C 2132 90 612 4.1 x 10—11 2.9 x 106

The combined false positive probability is ~ 3 x 10~



