‘High-energy neutrinos from - onrs
oborn pulsars and magnetars '

Fang, KK, Olinto 2012, 2013
Fang, KK, Murase, Olinto 2014
I5

I5

. T K | Fang 20
V ' . | : 2 KK Amato, Blasi 20
V , 5 L. o  Fang KK Murase, Olinto 2015
. ' ey L o Guépin & KK in prep.

Kumiko Kotera - institut dAstrophysique de Paris _' et T L TeV PA, CERN 11310972016












- heutron star
_- fast rotation, period P «
- strong magnetic field B
- spins down by elect




- heutron star

- fast rotation, period P
- strong magnetic field B
- spins down by elect

|
2016 pulsars in toto Ap
169 pulsars in binaries
* pulsars in SN remnants
>

magnetors/CCOs/XDINS

RRATs

waal 5 3 -- s aaaal

0.1 10

Spin period, P (Sec) Watts et al. 2015




- neutron star
.- fast rotation, period P
- strong magnetic field B

- spins down by elect
4

|
2016 pulsars in toto
169 pulsars in binaries
% 55 pulsars in SN rerpaant
29 mognetors/CQOs/XDINS

19 RRATs

>

Newborn pulsars
spin-down (~years)
like Crab, but 400 years ago

108 o

l I 5 F— "ll

0.01 0.1

Spin period, Watts et al. 2015




- heutron star

.- fast rotation, period P
- strong magnetic field B
- spins down D) Elec

=

|

2016 pulsars in toto Apr.

169 pulsars in binaries
% 55 pulsars in SN rerpaants
29 magnetors/CQOs/XDINS

19 RRATs

Newborn pulsars
spin-down (~years)
like Crab, but 400 years ago

20

-

Magnetars

fast spin-down (~days)
possible jets disrupting
flares

ol

SN envelope

"70)4

0.1

period, P (sec)

Watts et al. 2015




p+y—nt+at + ...






Pulsars as neutrino producers

@kv%n—kw* + ...

n—p-+e s

Tt = ut 4y, > et Hue Hp, Hyy,

» Cosmic ray acceleration in pulsars

» Energy budget
» Magnetic field strength/structure

» Particle injection



Pulsars as neutrino producers

@Fw%n—kw* SR

n—Pp-+e 1

Tt = ut 4y, > et Hue Hp, Hyy,

» Cosmic ray acceleration in pulsars
» Energy budget
» Magnetic field strength/structure

> Particle injection

> Background for interaction
> baryonic density
» radiative background

2 |ocation: near the star, nebular region, surrounding supernova ejecta



Pulsars as neutrino producers

@)-*ﬁn—kr* L=

n—p-+e s

Tt = ut 4y, > et Hue Hp, Hyy,

» Cosmic ray acceleration in pulsars

» Energy budget
» Magnetic field strength/structure

» Particle injection

» Background for interaction
» baryonic density
» radiative background

» location: near the star, nebular region, surrounding supernova ejecta



Induced electric field

E=—

v
(&

1
XB:—E(ﬂxr)xB

Implies a charge density (Goldreich-Julian 69)
1-B
2mc

1
=—V - E=x - =
p 4WV PG.J



Cosmic ray acceleration in pulsars 2 pulsar outflow energetics

95
total energy By == ~19x 10" erg 1 P
Isar luminosit () = 1
: i ulsar luminosi Lp(t) =
? Charge density ° ! (1 +1/tp)?
B=10" G
. :‘\\ 1048 ' T ' T : ' T : ' T : ' T

Induced electric field N\ - e .
— - 10% - } : . =

E:—Esz—l(ﬂxr)xB i S 1 | :
C ¢ ! 10% L : : : i
| 5 107 | o .
Implies a charge density (Goldreich-Julian 69) = 10% 1 : T

QB ' | :
- — e —_—— = 108 : : -

P 4?TV B~ 2me = PGJ L | 1
~ a few years 10%r l i

for ms pulsars '
p 1072 10° 102 10* 10° 108
t [days since explosion]




Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

2 Charge density

Induced electric field

v

1
E:——xB:—;(ﬂxr)xB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ! -
P=100 ms 1
~a few years 10%*r ; .
for ms pulsar ! o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lp
BN =y o . Goldreich-Julian
Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @’R
/

all"

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

? Charge density

Induced electric field

1
E:—EXB:—;(QXI“)XB

C

-

Implies a charge density (Goldreich-Julian 69)
1-B

P 4?TV 2me = PGJ

pulsar spins down

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ! -
P=100 ms 1
~a few years 10%*r ; .
for ms pulsar ! o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lp
NNy s . Goldreich-Julian
Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @‘R
/

alr

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

~s

? Charge density

Induced electric field

el b

v

1
E:——XB:—;(ﬂxr)xB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

pulsar spins down
Aslow fast

> E

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

P=100 ms

~a few years 10*f
for ms pulsars

1072 10° 10? 10* 10° 10°
t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lyp

NNy s . Goldreich-Julian

Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @’R
/

alr

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

~s

? Charge density

Induced electric field

el b

v

1
E:——XB:—;(ﬂxr)xB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

pulsar spins down
Aslow fast

> E

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ; =
P=100 ms 1
~a few years 10*f ! .
for ms pulsar EE— o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lyp

NNy s . Goldreich-Julian

Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @’R
/

alr

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

? Charge density

Induced electric field

1
E:—EXB:—;(QXI“)XB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

pulsar spins down
Aslow fast

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ! -
P=100 ms 1
~a few years 10%*r ; .
for ms pulsar ! o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lp
NNy s . Goldreich-Julian
Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @‘R
/

alr

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

? Charge density

Induced electric field

1
E:—EXB:—;(QXI“)XB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

pulsar spins down
Aslow fast

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ! -
P=100 ms 1
~a few years 10%*r ; .
for ms pulsar ! o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lp
NNy s . Goldreich-Julian
Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @‘R
/

alr

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

2 Charge density

Induced electric field

1
E:—EXB:—;(QXI“)XB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

pulsar spins down
Aslow fast

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ! -
P=100 ms 1
~a few years 10%*r ; .
for ms pulsar ! o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lp
NNy s . Goldreich-Julian
Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @’R
/

all"

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

2 pulsar outflow energetics

2 Charge density

Induced electric field

1
E:—EXB:—;(QXI“)XB

C

-

Implies a charge density (Goldreich-Julian 69)

1-B
P A7 V 2mc = PGJ

pulsar spins down
Aslow fast

107 52 2
total energy by = 107" erg Ias P53
Isar luminosi Lyp(t) = 1
pulsar luminosity (1 T i/t,)?
B O G
1048 ' T ' T ' T T T
I t !
10% - : -
P=1 ms :
10% - ; .

"o
E 1042
2

- 10% , .
1
1
1078+ ! -
P=100 ms 1
~a few years 10%*r ; .
for ms pulsar ! o
S pulsars 1072 10° 102 10* 10° 108

t [days since explosion]

conversion of pulsar electromagnetic into kinetic energy

particles accelerated to maximum Lorentz factor:

Lp
NNy s . Goldreich-Julian
Nmc?2 < charge density

maximum energy:

Ey ~ 1.5 x 10%° eVA5 @’R
/

all"

fraction of luminosity into multlpllClty

particle kinetic energy



Cosmic ray acceleration in pulsars

» Acceleration region!?

1
=

Pétri (2014)

polar cap

outer gap

closed magnetosphere

/

-3

open field lines
(base of the wind)

TL

2 Gaps close to star
reviews: Harding (2007), Hirotani (2008)



Cosmic ray acceleration in pulsars

» Acceleration region!?




Cosmic ray acceleration in pulsars

» Acceleration region!?

reverse shock contact forward
termination shock discontinuity shock

b i

pulsar —> 4—

+——@ relativistic b cold
pulsar wind SN ejecta

blast (at rest)
pulsar wind nebula




Cosmic ray acceleration in pulsars

» Acceleration region!?

reverse shock contact forward
termination shock discontinuity shock

b i

pulsar —> 4—

+——@ relativistic b cold
pulsar wind SN ejecta

blast (at rest)
pulsar wind nebula




Cosmic ray acceleration in pulsars

» Acceleration region!?

reverse shock contact forward
termination shock discontinuity shock

R cold
SN ejecta

pulsar —>

+—0 relativistic
pulsar wind

J Dblast (at rest)
&'| pulsar wind nebula

2 Wind region

cold
Poynting flux dominated



Cosmic ray acceleration in pulsars

» Acceleration region!?

reverse shock contact forward
termination shock discontinuity shock

2

pulsar —> 4—

+— relativistic R cold
pulsar wind SN ejecta
¥ ' blast (at rest)
4’| pulsar wind nebula
2 Wind region 2 Nebula
cold radiative

Poynting flux dominated kinetic energy



Cosmic ray acceleration in pulsars

» Acceleration region!?

reverse shock contact forward
termination shock discontinuity shock

2

oulsar ===l <

+——9 relativistic e cold
pulsar wind SN ejecta
¥ ' blast (at rest)
4’| pulsar wind nebula
2 Wind region 2 Nebula
cold radiative
Poynting flux dominated kinetic energy

dissipation of e-m to kinetic energy?

related to "sigma-problem”
e.g., Kirk et al. 2009



Cosmic ray acceleration in pulsars

» Acceleration region!?

reverse shock contact forward
termination shock discontinuity shock

2

oulsar ===l <

+— relativistic R cold
pulsar wind SN ejecta
¥ ' blast (at rest)
4’| pulsar wind nebula
2 Wind region 2 Nebula
cold radiative

« linear » Eocr e.g., Chen et al. 92, Arons 03
Fermi @ TS e.g., Lemoine, KK, Pétri 15

reconnection wind region

and/or close to TS in striped

- : » e.g, Sironi & Spitkovsky |2
wind orin nebulal /=~ pei 15

dissipation of e-m to kinetic energy?

related to "sigma-problem”
e.g., Kirk et al. 2009






star's thermal y

Bednarek & Protheroe (1997)
Link & Burgio (2006)



nebula non-thermal y

Amato et al. (2003)
Lemoine, KK, Pétri (2015)

star's thermal y

Bednarek & Protheroe (1997)
Link & Burgio (2006)




-

nebula non-thermal y SN thermal y
3)

Amato et al. (2003) ‘ pflato et al, (2005). .
Lemoine, KK, Pétri (2015) KK, Murase & Olinto (2016) -~

Q v, ( - _ o 2
,'(\l.“c"“, ."' .

w

.

a“n -
4 .
.

star's thermal y

Bednarek & Protheroe (1997)
Link & Burgio (2006)



nebula non-thermal y SN thermal y

Amato et al. (2003) . ‘ wfato et l. (2003)
Lemoine, KK, Pétri (2015)

SN ejecta matter

. Amato et al. (2003)

ase & Olinto (2016) -+ Bednarek (2003)

G X > * Murase et dl. (2009)
Murase & Olinto (2015, 2016)

star's thermal y

Bednarek & Protheroe (1997)
Link & Burgio (2006)



nebula non-thermal y SN thermal y : SN ejecta matter

Amato et al. (2003) % ifiato et gl (2068 ) Amato et al. (2003)

Lemoine, KK, Pétri (20135) Fang,‘i@,M : nto 201 .. s r‘}, Bednarek (2003)
. Murase et al. (2009)

Murase & Olinto (2015, 2016)

#

star's thermal y

Bednarek & Protheroe (1997)
Link & Burgio (2006)

Crab flares non-thermal y

e

Guépin & Kotera (in prep ) 3
4
Poster Session

-~
\_5
- e & ; » - . oy R
- 4 B

-k



Interaction backgrounds for neutrino production

nebula non-thermal y

Amato et al. (2003)
Lemoine, KK, Pétri (2015)

star's thermal y

Bednarek & Protheroe (1997)
Link & Burgio (2006)

Gueépin & Kotera (in prep.) =
Poster Session

SN thermal y SN ejecta matter

Arhato et al. (2003) Amato et al. (2003)
Fang, KK, Murase & Olinto (2016) Bednarek (2003)
' % Murase et al. (2009)
- SRR .
L2, N ﬂ”' "Fang, KK, Murase & Olinto (2015, 2016)

.~

’
-

Aartsen et al. 2014

Flux prediction - Kappes et al.
90% Upper Limit - Kappes et al.
Flux prediction - Amato et al.
90% Upper Limit - Amato et al.
Flux prediction - Link & Burgio
90% Upper Limit - Link & Burgio

102 103 10°
E, (GeV)

Figure 12. Flux predictions (solid) for three models of neutrino emission from
the Crab Nebula, with their associated 90% C.L. upper limits (dashed) for an

energy range containing 90% of the signal. Both the model from Amato et al.
(2003) and the most optimistic model from Link & Burgio (2005, 2006) are
now excluded at 90% C.L. For the gamma-ray-based model from Kappes et al.
(2007), the upper limit is still a factor of 1.75 above the prediction.
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Radiative or Baryonic background in SN ejectal Fang, KK, Murase, Olinto 2015

2 baryonic, radiative backgrounds evolve In time

P dominant process changes over time

? spectral break time typ = good reference time
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Ultrahigh energy neutrinos from the pulsar model

Neutrino flux for population of pulsars # Neutrino flux for population of pulsars
fitting the UHECR spectrum fitting the UHECR spectrum
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Ultrahigh energy neutrinos from the pulsar model

Neutrino flux for population of pulsars # Neutrino flux for population of pulsars
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lceCube constraints on newborn pulsars as sources of UHECRSs

Aartsen et al. 2016

model dependent 90% C.L. limits
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Murase et al. [45]
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MRF = ratio of expected average upper limit to expected signal

2 Population of newborn pulsars as sources of UHECRs
following star formation rate excluded at 99.9% C.L.



lceCube constraints on neutrino-producing neutron-stars

Fang, KK, Murase, Olinto 2016
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Conclusions

2 pulsars/magnetars should be strong high-energy neutrino emitters

2 surrounding SN ejecta material unavoidable to produce neutrinos
unless punctured by jet (GRB-like)

2 |ceCube already strongly constraining pulsar/magnetar scenarios for
UHECR production
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