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The Lorimer burst (2007)
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Observational constraints on
FRB emission mechanisms

few msec. in duration, peak L ~ 1040 erg/s, I/ > 700 MHz

> |04 per day (not prompt GRBs)

repetitive - 2 repeaters (not catastrophic like NS-NS mergers)
isotropic (extra-Galactic); D ~ | Gpc - (cosmological)
coherent emission, 7 ~ 10°* K

DM ~ 1000, constant to ~ % over few years

Polarization is messy

no clear evidence for two different populations

one localized to star-forming, another to regular massive galaxy



FRBs - new/tougher constraints
(compared to pulsars) from
coherent emission on the
parameters at the source

Crab’s radio: Tp ~ 1040K, 10-¢ of spindown, highest GP: 10-2
No energetic constraints

Repeater: some 5-10 orders of magnitude larger energy
density at the source - macroscopic physical constraints on
plasma parameters at the source.

Can they be satisfiede

(Lyutikov 2019, Lyutikov & Melrose, in prep.)
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Plasma density and B-field

e Let c¢T ~ source size.  Radiation energy density
 Radiation energy density < of emitting particles’
it
VFVdQ energy density )
Uy = 5.2 Uyr < YNMeC
e The brightness Tp: 5 kBTb
c? | R vn)\ >
kT, = —=1, = —Au, — m.c2
202 27 . e
* brightness temperature is ~ * Equipartition B-field
energy density of radiation S 3/2 /2
within a volume of V38 10%vgy. T, 55 G
wavelength cubed (an be |Qrger)
* NS magnetospheres
(Lyutikov 2019)
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Plasma density and B-field

e Let c¢T ~ source size.  Radiation energy density

« Radiation energy density < of emitting particles’
LE 2 energy density )

Up = 03”7 : Uyr < YNMC

e The brightness Tp: L s ksT,

2 1 YOTNIAT > 5
kply = —=1, = — A\ u, MeC

202 27

* brightness temperature is ~ * Equipartition B-field
energy density of radiation S 3/2 /2
within a volume of V38 10%vgy. T, 55 G

wavelength cubed (can be Iorger)
* NS magnetospheres

(Lyutikov 2019)
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“Normal” (hon-coherent) loses may
dominate

e Laser intensity parameter “a”

GE/ €\ I/kBTb 5
= 1
2mmecy’ Mmecd/29 > 310
 (most powerful lasers can gettoa ~ 1)
e In no B-field: PAuct/ (1MeC) ~ a > huge radiative (IC and

synch) loses (e.g., loss time can be shorter than pulse

a

duration) / /
+ InB-field:if wp > W', the drift with vg/c ~ E'/B
2
B> ~100vgy.0 " G

e\d
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duration) / /
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Large B-fields are required to avoid catastrophic “normal” loses




Limits on B-field

 Radiation energy density < particle energy density < B-field:

B > \/ e ~ 10°G
e Weak “normal” losses:

2
B> ~ 100G

MeC

e\
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 Radiation energy density < particle energy density < B-field:

T,
B > \/SWkB b ~ 108G
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e Weak “normal’ losses:
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mM.C
B > c~ ~ 100G
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These are high fields: NS magnetospheres

— N\,

Rotationally-powered Magnetically-powered
(super-Giant Pulses) (super-Solar flares)




Radio emission from NSs

* There are three types of coherent
emission from NS: type-l, type-Il, type-lll

® Type l:log-normal dist., Crab precursor,
polar caps, rotationally-driven

® Type ll: GPs, power-law, Crab MP&IP,
border between open/closed field lines,
rotationally-driven

® Type lll: magnetars, on close field lines,
crustal shear-driven (reconnection, ~
Solar) S B

430 MHz
[ —

Crab ﬁ o

A AY,  Serylak+ 2009
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Rotationally vs magnetically powered

e Rotationally (super-giant e Magnetically: scale density
pulses), scale with GJ: with magnetar twist:
OB B
n;UZsar — KQW@CF nf/magnetar — A¢ Irer
e Crab GP and nano-shofts: P4
3 % > 10708, ( — )
kAT > 3 x 101303, (L) Ty 55 10— 3sec
e 2 (5 (7a)
K~ 10 —130 4 As \Bo Ric
v ~T ~10% — 10 . ~OK
e Pulsars: no correlation e Solar flares: both radio,
between coherent radio optical and high energy - is
and other freq. - not expected for “magnetar
expected for FRBs flare’’ model




Macroscopic Model I: Rotationally powered
super-Giant Pulses Lyutikov + 2016

e very young SNRs, 10-100 years
o free-free absorption in new SN shell T¢¢ ~ 1 @ 300 MHz (no LOFAR)

e DM through the shell 0\ 2
DM =~ 100s (—)
Yrs

e Crab’s GPsreach ~ 1% efficiency of Lsg
e If vF, x L,q need ~ 104 higher peak power from 100 Mpc

* Few msec period, with Crab-like B-field - reasonable to expect
e Spin-down times ~ 10-100 yrs
e Rates within 100 Mpc are OK.
e Injectionrate fin; o B~ (observed f o E~3/2 - consistent
with observed distribution of fast pulsar)

e Very flat distribution of distances to a given brightness (type of Malmquist
biqas)




Repeater: FRBs not Rotationally powered

e observed radio flux a fraction <1 of the spin-down

Lsd
A d?

* (Lsgis the EM power, need to put energy in parficles to emit)
e Could have worked from 100Mpc (Lyutikov+ 2016)

e Can get from millisecond pulsar, but spin-down fime is then
short, no evolution seen in the 1st Repeater (and no DM
changes - expected ~ 1/12 through ejectq).

e |ack of periodicities in the Repeater

vE, < - need powerful source




Repeater: FRBs not Rotationally powered

e observed radio flux a fraction <1 of the spin-down

Lsd
A d?

* (Lsgis the EM power, need to put energy in parficles to emit)
e Could have worked from 100Mpc (Lyutikov+ 2016)

e Can get from millisecond pulsar, but spin-down fime is then
short, no evolution seen in the 1st Repeater (and no DM
changes - expected ~ 1/12 through ejectq).

e |ack of periodicities in the Repeater

vE, < - need powerful source

Requirement of large Lsq¢ and no DM changes excludes young
rotationally-powered pulsars as FRB sources (Lyutikov 2017)




Macroscopic Model Il:
magnetar flares (type-iii)

e Solar type-lll radio emission in magnetars

(Lyutikov 2006)

 Initial stage of a “reconnection flare” - jets of particles, hence
coherent emission - like Crab flares (Lyutikov et al. 2016)

 Best case - observe radio burst associated with magnetar
burst and flares.

e Acceleration will “waste” energy on high energy emission:.
problems with energetics (like GBRs, but wrong rate)

e Constraining limits from SGR 1806-20 flare

 SGR flare was 1047 erg/s -> radio efficiency of Repeater10-¢ - OK?e

e But would give a GJy from 10 kpc - not seen in Parkes side-lobes
(Tendulkar + 2016)

 No radio from PSR J1119-6127 X-ray (radio efficiency < 10-8)

r *



CHIME: same frequency drift in two
repeaters
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CHIME/FRB Collaboration

- Some kind of a stiff confining structures - most likely magnetic field (radius-

to-frequency mapping in pulsars)

— Constructive interference through changing lens: up and down drifts




Two “predictions” of magnetars’ radio
emission (Shitov + 1999)
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Two “predictions” of magnetars’ radio
emission (Shitov + 1999)

Tue Astropnvsicac Jo  The radio emission of SGRs during bursting activity will
o200 TheAnenem e resemble the solar radio type III bursts. In solar type III bursts,
the energy is consecutively converted from the magnetic energy
into fast particles, then into electrostatic plasma waves, and
finally into escaping electromagnetic waves. The frequency of
the generated emission measure waves is the double of the
plasma frequency w ~ 2w,. Thus, one expects a narrowband
emission Aw/w < 1. The growth rate of Langmuir instability,

Department 3A 2T8, Canada;

1/3
I'~(,/n)"w,Lw, (4)
THE ASTROPHYSICAL JC . . . . .
© 2002 The American Aswon - (Where n,, 18 the beam density), is indeed much higher than the
dynamical time,

T/(c/R) ~ Vw,/(c/R) > 1. (5)

Thus, the plasma instability has enough time to develop.

A distinct feature of the type III burst is the drift of the central
frequency that is due to the spatial propagation of the emitting
beam in the inhomogeneous plasma. Since the velocities of the
emitting electrons are likely to be weakly relativistic, the resulting
emission may not be narrowband emission, since the electrons
propagate in the inhomogeneous plasma. Still, one may expect
the frequency drift of the peak of radio emission, characteristic
of type III bursts. Since the plasma density in the SGR mag-

05, Israel;



Type-lll Solar Radio bursts

Solar Flare Type Il Radio Burst Arrives
at Sun at Cassini
69 minutes

fraquency (Hz)

SCET 11:00D 12:00
Ry B.67 B.67

3:00 14:00
B.&7 B.&7
October 28, 2003, 11:00 to 15:00 SCET (UTC at spacecraft)

00
B.67

e plasma jets (electrons) from reconnection region
propagating up in the corona

e Reconnection in magnetars - beamed up




Radius-to-frequency mapping

. w(’r) , given frequency at given radius, emission along B

drift rate, o;w
drift rate, o;w

0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0
frequency, w=1/rem frequency, w=1/rem

e Typical linear frequency drift, rates matched observed,
sometimes complicated

e Faster rotation - larger drifts

e Prediction: PA swings <
(RVM - but smaller than in pulsars)

1.5/

1.0!

0.0: d
0.00 0.05 0.10 0.15 0.20 0.25

tob




Counter-part strategy: optical

* Optical energetics >>radio, ~ 104° erg/sec - let’s hope!
e Peak flux ~ 9m (but only for few msec - fast
read-outsl)

e m~ 15 image in 60 sec PTF, ASAS-SN,
EVRYSCOPE (LSST!) - PTF might have seen, as
star-like points in single exposure

e Radio and optical - stare at the same patch
e 2 opticale

e Mulfi-frequency radio 25? lLSST
« triggered LOFAR obs. 20f Swmegmmmmmmmmmmememmeeeeeeeeeeeee]
+ CHIME | | rF |
LT i R T
| lEVRYSCOPE =1, 5, 10 msec

107

5

, 10 100 1000 10* 10°
Lyutikov & Lorimer 2016 /1o




Conclusion

FRBs' radio energetics is huge: macroscopic constraints at the
source! (did not have for pulsars)

NS magnetospheres are the best bet for now, a bit boring
e overall duration
* frequency drifts
* Predicted PA swings

Must be a special, powerful NS, not even average magnetar

Radio power (+ constant DM and non-changing properties of
The Repeater) seem to exclude super-GPs

(Special ) Magnetars:
* energetics OK
» frequency drift ~ Solar type-lll
* some, weak, observational arguments against
e but must be “quiet”, not GRB, not much at high energies







Alternatives

e Cyclotron maser at shocks (Lyubarsky, Beloborodov)

e from 1041015 cm: Gamma ~ 104 is needed
 energy is “wasted” on bulk motion (vvwe are tight already) 7/\

e not clearif can work in 3D
Ring gl
distribution =

e Super-radiance
* (Inlab: excite to inverted population,
like laser without mirrors)
e coherently emitting blob Ls
e Increased pumping within CT
e triggered rate of induced transitions
« Energy within Ls, duration CT
(if induced rate is fast enough)
Not clear if there is a good “lab technician” out there
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