High-energy Neutrinos from Millisecond
Magnetars from Mergers of Neutron Stars

(t—t

‘mrg
B 1035 — 10%5s = IceCube lyr-integrated PS sensitivity
s 1045 — 10555 ARA-37 PS sensitivity (estimated)
1055 — 1065s
1065 — 1075

2MQ — | Rhy,/(Mv)|
My, R[Rhy,/(Mv)

108
E [GeV]

Ke Fang
University of Maryland
KIAA Workshop, Aug 17, 2017



Searches for EM
Counterparts of GW events

LIGO Hanford ,
optical

| | | \>

LIGO Livingston

-H = L1 observed - Pan-STARRS

H1 observed (shifted, inverted)

GW event

VISTA




NS Merger Rate vs LIGO Sensitivity
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NS Merger Phenomenology
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Magnetar-powered Transients

neutral ejecta

ionized ejecta

BNS merger leads a differentially rotating NS remnant —> electron
positron pairs fill the nebula —> X-ray, UV, optical.. emission carry
out spindown energy

EM counterparts from merger remnant provide crucial clues to locate
the GW event
e.g.,Dai 2006, Gao & Fan 2006,
Giacomazzo & Perna, 2013; Metzger & Piro, 2014



Scaled flux E*°J(E) (m2s'sr'eV'®)
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Detecting UHECRSs
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Hint of Intermediate-Heavy Composition
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NS mergers are important, if not dominant, contributor
of rapid neutron capture nucleosynthesis in the universe.



Sources that Can Accelerate UHECRSs
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Sources that Can Accelerate UHECRSs

Tpc Tkpc  1Mpc

hot spots

IGM shocks

1071

5 10
Hilas 1984 10 10
Kotera & Olinto 1101.4256




S

Pulsars: Cosmic Ray Acceleration | '

11

MagnetosphereJ

age credit: MPIK

I ———

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159



S

Pulsars: Cosmic Ray Acceleration | '

11

lMagnetosphere\}

1000 km

NN

PULSAR

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159



<Js
Pulsars: Cosmic Ray Acceleration | '

lMagnetosphere\}
1000 km_—!

NN

PULSAR

Magnetic Field

|

_ B —1
Fen =107 4 <10§G> (128) | (%) (1_/(;) | <1+ %) eV

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159

11



<Js
Pulsars: Cosmic Ray Acceleration | '

lMagnetosphere\}
1000 km_—!

NN

PULSAR

initial spin period
Magnetic Field l

|

_ B —1
Fen =107 4 <10§G> (128) | (%) (1_/(;) | <1+ %) eV

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159

11



<Js
Pulsars: Cosmic Ray Acceleration | '

IMagnetosphere\}
1000 km_—

NN

PULSAR

Image credit: MPIK
initial spin period

Magnetic Field l Wind efficiency

! |

_ B —1
Fen =107 4 <10§G> (128) | (%) (1_/(;) | <1+ %) eV

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159

11



<Js
Pulsars: Cosmic Ray Acceleration | '

IMagnetosphere\}
1000 km_—

NN

PULSAR

Image credit: MPIK
initial spin period

Magnetic Field Wind efficiency e
| l | o Multiplicity

_ B —1
Fen =107 4 <10§G> (128) | (%) (1_/(;) | <1+ %) eV

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159

11



S

Pulsars: Cosmic Ray Acceleration | '

lMagnetosphere\}
1000 km_—!

NN

X

PULSAR

N

Image credit: MPIK
initial spin period

Magnetic Field Wind efficiency e
| l | o Multiplicity

_ B —1
Fen =107 4 <10§G> (128) | (%) (1_/(;) | <1+ %) eV

.\tTE¢

—2 p2
Tsd = 1BlS P’i,lms yr

Venkatesan, Miller & Olinto ApJ 484 (1997)
Blasi, Epstein & Olinto ApJ 533 (2000)
Arons, ApdJ 589 (2003)

Lemoine, Kotera & Petri 1409.0159

11



-
The-pulsar sits in a nebula of dense plasr_ga.&- T
. “wh ' "a \f. "‘a." ..‘. .b... o3
For CR produetion in millisecond pulsas. from T pe II" XRPe 4 ey
SN, see also: - ,,\ (\Sﬂ | % e .

KF, Kotera, Olinto ApJ 2012

~ KF, Kotera, Olinto JCAP 2018 L Aiss A
KF, Kotera, Murase, Olinto,"PRD; 285 ~Lf* gk

) " .

" KF, JGAP 2015 pE
KE, Kotera, Murase, Ollntg JC P
IceCube Collaboratlon PRL,_gQA )

neutral ejecta

ionized ejecta



Thermal and Non-thermal Radiation Background

dEnth . Enth dR Enth
i TR g UmA tn

B _ ( _ Ewn _ B dR E;h_
dt tn R dt (9

dv Enth dR Eth dR

Myver =R @t T R @
dFs _ ., _ BpdR
i 27N R o4t

13



Thermal and Non-thermal Radiation Background

®

1

% (¢

Albedo of the ejecta wall

3.
neutral ejecta

ionized ejecta

dEnth . Enth dR Enth
i TR g UmA tn

B _ ( _ Ewn _ B dR E;h.
dt tn R dt (9

dv Enth dR Eth dR

Myver =R @t T R @
dFs _ ., _ BpdR
i 27N R o4t

13



Thermal and Non-thermal Radiation Background
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Background Density
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Background Density

Boost of thermal background

when photons are allowed to
leave nebula freely
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From Proton to Neutrino
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Interaction and Cooling Processes
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Neutrino Production
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Neutrino Production
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Neutrino light curves - Single Source
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Neutrino light curves - Single Source
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Cumulative Neutrino Background
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Cumulative Neutrino Background

B dN B i Zmax
- dEdAdtdQ)  4r ),

(I)z/ psource

D =10 Mpc
B 103°—10%°s =' lIceCube lyr-integrated PS sensitivity
mmm 10%5_-10%%s =' ARA-37 PS sensitivity (estimated)
1 5.5 6.5 Y
10} 10°° —10°s . .

— 1055 — 10755 ' -
) ) 4
Y .7

oot
.
' N
w, Y
.......

J, [GeVem ™2
=
o
o

10t
107 Z 5 3 7 ) 9 10 11
10 10 10 10 10 10 10 10
E [GeV]
| — ——

KF, Kotera, Murase & Olinto, PRD 90, 103005 (2014)
19



Cumulative Neutrino Background
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Cumulative Neutrino Background

| s Default case BE B=10"°G ‘7/%4 ]
: i PZ:5 ms "N Mej:0-1M® "“,//Q ¢:

Cumulative flux may be detectable by IceCube
and next-generation telescopes

0 KF & Metzger 1707.04263



In Case of A Non-detection

T

| mmm  Default case

P,=5ms

EE B=10%G

. MeJ:O.1M®

21

Non-detection can constrain

1. Fraction of NS mergers that
produce a stable magnetar

2. Rate of NS mergers

3. Strength of dipole field

KF & Metzger 1707.04263
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Summary
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r-process nucleosynthesis from NS mergers

NS merger (dynamical ejecta): Post-merger accretion disk outflows:

Siegel & Metzger 2017a

Radice+ 2016 Siegel & Metzger 2017b, in prep.

I I | I I | I I - 2 T T T T T T T T

|.,S.f.P?.ak 2nd peak 3rd peak

-3}

log(Abundance at 109 s)
>

: HE-OE 2 sl — fiducial :

= LK_QC—: WIIJ — v absorption

- — MO.QC 3 -8 - solar |

Ny N 'I T B R 9 l

o0 100 150 200 80 100 120 140 160 180 200 220
A mass number A
Fig.: production of r-process elements from early ejecta of Fig.: production of all r-process elements from outflows of
a BNS merger (dynamical ejecta, neutrino-driven winds) post-merger accretion disk
Overall ejecta mass per event:
—3 —2 —2
<1073 — 1072 M, > 0.4 Mgiqe > 1072 M,
strongly depends on EOS! robust lower limit
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Short GRBs: Jet or no jet!

t/M = 4606 t=388ms

{].5{:

Fig.: Magnetic funnel (“incipient jet”)
emerging from a BH-torus system Ruiz+ 2016
(BNS merger)

Fig.: Magnetic configuration from the highest

resolution BNS simulations: no jet Kiuchi+ 2017
Og'IT.O
_Z 16,6

15.8

15.4

4 D
jet formation in NS mergers

not understood yet
\ b

15.1

14,7

14.3

13.9

13.5

Fig.: Manetic configuration from the
latest BNS simulations: no jet Ciolfi+ 2017
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