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LOFAR Discovery

2 Pulses of Best Profile Search Information

Candidate: ACCEL_Cand_1 RAj000 = 09:52:12.9600 DEC,p000 = —06:08:02.4000
Telescope: LOFAR Best Fit Porcmeters
Epoz:hwpo = 57747.12430555555 DOF 4 = 13.72 x = 83.993 P(Noise) ~ 0 (49.40)
Epochyg,, = N/A Dlspersmn Measure (DM pc/cmd) = 22.414
somple = 8.192e-05 mpo (ms) = 1.413667588(19) P, Py (ms) = N/A
Data Folded = 14592000 (s/s) = 5.94(12)x10” bary (s/s) = N/A
Data Avg = 7.636e+04 P"mpo (s/s?) = 0.0(6.6)x107'® P" y (3/5%) = N/A
Data StdDev = 430.3 Binary Parameters
Profile Bins = 32 b (8) = N/A e = N/A
Profile Avg = 3.482e+10 a sm( )/c (s) = N/A w (rad) = N/A
Profile StdDev = 2.906e+05 T..=N/A
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Bassa et al. 2017

1.4 ms / 707 Hz radio pulsar



LOFAR ms-Pulsar Discovery

Bassa et al. 2017
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Gamma-ray Bursts

Are there also similar signals
in the radio?



Gamma-ray Bursts

Typical FoV
of a radio
telescope is
<< | sq.deg.
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Are there also similar signals
in the radio?



Frequency

Observed
signal

—_—

Propagation Effects

e (1) = 9,945(t) * hpm(2) * hy(t) * hrx(f) + N(2)

Emitted signal

Scattering Dispersion




Fast Radio Bursts

Lorimer et al. 2007
Thornton et al. 2013



Frequency

2007 The Lorlmer Burst
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Lorimer et al. 2007



Galactic Dispersion

Galaxy top-down Along Galactic plane

Contours of constant dispersion measure
(NE2001 model; Cordes & Lazio)




Frequency

2007: The Lorimer Burst

_ ISM (mterstellar medlum)

Delay too large to come
from just the galaxy

Lorimer et al. 2007



2007: The Lorimer Burst

Frequency

i h l I ™ &I:Lﬂl;f | |"i ll-.' :

Delay too large to come
from just the galaxy

Lorimer et al. 2007



..time passes, people are getting frustrated
that they can’t find more such bursts.



The Infamous Perytons
Human-made signals add confusion

Burke-Spolaor



The Infamous Perytons

Casts the shadow of a man, but is
something quite different

Kind of looks like an astronomical
signal, but it is not



The Infamous Perytons

Turned out to be a microwave at the observatory

Radio frequency interference is an
important foreground



2013: The Thornton Bursts
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There is a population of FRBs

Thornton et al. 2013




The Arecibo Burst
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First non-Parkes FRB

Spitler, Cordes, Hessels et al. 2014




Of Mice & Pulsars/RRATs/FRBs

LMC +SMC Pulsars

Pulsars + RRATSs
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Why important?

e Sites of extreme energy density.
Important probes of extreme
(astro)physics?

e New type of astrophysical object?

e Probes of intervening material.
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PALFA Survey

* Survey for pulsars and fast
transients with Arecibo

Iiilax"A\v e Use 7-beam ALFA receiver
\ * Go deep in the Galactic
plane

* |8l pulsar discoveries

* Deepest pulsar survey
before the SKA

Bogdanov



PALFA Survey Regions

Blue: PALFA Pulsars (153) Red: PSRCAT Pulsars |b| <5° (1514)
—150° 180° 150°

Known pulsar

New pulsar

Cordes



The Arecibo Burst
DMrre = 3x DMmMax Gal.
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Where was the Arecibo Burst?

IC 410 ;.
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In Galactic plane, but not obviously Galactic



Scholz
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Why important?

Rules out a cataclysmic source (at least for this FRB)

VS.

One-time-only Pulsar on
explosion steroids



Arecibo L-Band Feed Array
x>,

7-pixel receiver



Follow-up Observations
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Hessels
Spitler, Scholz, Hessels et al. 2016



3 papers in January 2017

Image credits: Danielle Futselaar



Wharton et al. 2017, Nature

t}erjee, La Ny

.\\a



The Need for Localization

Arecibo localization

alization

Toy comparison with
Hubble Deep Field




VLA Locallzatlon

10s of radio sources in an ultra-
deep (10s of hrs) VLA image

Chatterjee et al. 2017




VLA Localization

..and suddenly a burst
(this is a 5-ms snapshot)

Chatterjee et al. 2017



VLA Localization

Localization to ~100mas

After tens of hours of observing
and 1 year of trying

Chatterjee et al. 2017



VLA Localization

Association with persistent
radio and optical sources

Chatterjee et al. 2017



This is a direct localization,
not an afterglow

; i . o
ool W A0 0| I | ""‘l'l‘ P " :\v

Keane et al; 720 I 6

voids the ambiguity in localizing a burst based on time
coincidence with a multi-wavelength event






Why Zoom-in Even
Further?

g 5 * Do the bursts come
e from exactly the position
o of the persistent radio
- source!

* What is their physical
relation?

* Are the bursts coming
from the center or the
outskirts of the host
galaxy?




The European VLBI
Network

L B @ . el ° Global network of
NETWORK D Y p A .
radio telescopes
connected

together via high-
speed fiber.

* Signals processed

in Dwingeloo,
The Netherlands.




Joint Arecibo+EVN
Observations

e Connecting Arecibo to European
telescopes gives much higher
resolving power.

% 7500k /-
, 5000mih§'f«’1
p! :é\ !

* Arecibo provides the raw
collecting area.

* Angular sizes similar to viewing a
tennis ball from across the
Atlantic.




Arecibo+EVN Detects a
burst!

Amplitude
S o«

200

Frequency lag (kHz)

ACF in the frequency direction. Shows
Galactic diffractive scintillation?

Dynamic spectrum from Arecibo
auto-correlations

One bright & 3 weak bursts
detected in a 2-hr campaign



AS (mas)

Arecibo+EVN Localization

Dirty image Clean image

—40

40 20 O -20 -40 40 20 O =20

Aa (mas) A« (mas)
Brightest FRB121102 burst seen by .
Arecibo+EVN Localizations of pulses from test pulsar
B0525+21

Quantifying systematic errors
on the position

Marcote et al. 2017



Arecibo+EVN Localization

Localization to ~10mas

—
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52.54"

+33°08"52.53"

) 58.703° 58.702° 58.701° 5h31m58.700°
a (J2000)

Bursts and persistent radio

source are physically related

(coincident to within < 40 pc at |1 Gpc)
Marcote et al. 2017
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What is the optical source?

e 25th mag., roughly 100
million times fainter than

the naked eye limit.
* |s this a star, or a (small)

galaxy?




Gemini Redshift

5.5 hours with the 8-m Gemini North
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7000
Wavelength (R)

Tendulkar et al. 2017



Gemini Redshift

5.5 hours with the 8-m Gemini North

Strong emission lines: high star

/ formation rate

Weak continuum: few stars

(@]
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(@]
<
=
o
=

7000
Wavelength (R)

Tendulkar et al. 2017



Gemini Redshift

5.5 hours with the 8-m Gemini North

Redshift

Host is a dwarf galaxy at z = 0.19 (~1Gpc)

sets energy scale of bursts, ~104° erg/s
( gy 3

Tendulkar et al. 2017



BPT Diagram

—~
=N
I
~
~
Q
(@]
Te}
<
=
(]
=
=
o
o

Optical emission is
likely from star
formation rather than
AGN activity

Tendulkar et al. 2017



Compare with Arecibo+EVN
Localization

Gemini r’ || ¢ Gemini i’

pms
L

Bursts and optical centroid of

galaxy are separated by ~0.2”

(0.5-1kpc, a quarter to half the radial extent of the host galaxy)
Tendulkar et al. 2017



FRBI121102 with HST

Star-forming region

S

: Host galaxy
FRBI21102 \ |

Clearly associated with a star-
forming region in the host

Bassa et al. 2017



The Host Galaxy

: ' , ' ' ¥, * 25th mag,, roughly
i 4 e . > x m{‘}iwf * | 100 million times
PN /o fainter than the naked
Al ST, | .’ Q M"ky Way eye limit.
IS w ' * Each burst (briefly)
; . T. ’9 _ .  outshines all other
r 9 e L stars in the galaxy!!
AT -l . o ’ ; .' * |000x less massive
W T Lo - than the Milky Way.

e * 9
" Credit: Gemini Obse //\URA/!\SF /NRC

] 'Relation to Iong GRBs and
superluminous SNe?






FRBI21102 with XMM & Chandra

Models (see Table 3)
kT=10 Ny=10* cm™* -+ I'=0.5 Ny=10"%¢cm* I'=2 Ny=10%cm *

Charidfa ACIS ) . kT=10 Ny=10* ¢cm™* =05 Ny=10* em~* I'm2 Ny=10*" ¢cm—*
0.5-6 keV "

Declination
S

B

| =

L

>

2 1046
o 10
o

@

-

0

=1

m

—

(=
£
]

\
5¢ Upper Limits
= XMM MOS single-burst
- (CXO ACIS single-burst
= XMM+CXO Combined all bursts
= Fermi GBM single-burst

01 .0 5 :32:00 .0 59 .0 58 .O 3 1 :57 .O " " . ' : Fermi GBM (stacked 4 Sept b}u‘stS)
. . 10 10° '
nght ascension Photon Energy (keV)

No persistent X-ray Only lightly constrains
source magnetar models

Scholz et al. 2017



In the absence of prompt multi-
wavelength counterparts, we need
to focus more on the properties of
the radio bursts themselves, e.g.:

e Polarimetric properties.

e Time-frequency structure
in the burst shapes.



Green Bank Telescope FRB

Antenna temperature (K)

\ / | \\ / / \\_/ //\\\5_/ L\.—
\\__’,/ by - o« *

Fluence (K ms)

//; \\ —~ e .
/ \ / \\ / g \\“J/ -
\_ - ’
0

700 75

800 850
Frequency (MHz) Time (ms)

Masui et al. 2015

Rotation measure = -186rad/m2!

Local magnetization & scattering




Rotation measure of the
Repeater

1*‘ i ﬂ,&,’ ‘M

Michilli, Seymour, Hessels et al. 2018
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Rotation measure ~ 140,000 rad m

in the source reference frame;
(1+Z)% here Z =0.193




Rotation measure of the
Repeater

Ly ey S
' ' ' - FRB 121102

PSR J1745-2900 .

PSR J1746-2856
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Frequency (GHz)

: ~ - 9
! | ' : : N, o o..o H
: ﬁpsc
T I FRB 110523
 oall
| g ¢
o, a
: ®RB 150418

':L?o o

SFRB 150807 o

‘ :8’00:4' ° : —

o
o o o~

Frequency (GHz)

FRB 150215

4:8(0) b , , |<

] L : I
—1.0 —0.5 0.0 .5 .0—-1.0 —0.5 0.0 .5 . 103
Time (ms) Time (ms)

ot
\V)

Michilli, S . , ,
Hessels et al, 2018 Bursts ~100% linearly polarized and

can be ~30 microsec wide!




Rotation measure of the

Repeater
Equipartition constraints > mG local

magnetic
field

Near a
massive

DM=1 -- 271

RM=140000, beta=0.0001 -- 1
FF Optical Depth=5 Upper Limit r
HIl Regions

SNR Ejecta Evolution
Sgr A* Bondi Radius

Crab Nebula u e
Crab Filament
Cas A SNR

SN 1987A

powerful

Michilli, Seymour, Hessels et al. 2018 nEbu Ia?




Bizarre Bursts

Using Arecibo to
understand the bursts’
spectrotemporal
behavior and search
(again) for periodicity

Hessels et al. 2018 (in prep)



Bizarre Bursts
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Hessels et al. 2018 (in prep)



Bizarre Bursts

Anne Archibald

World’s worst keychain



Bizarre Bursts

Graham-Smith & Lyne

Toy lensing model Observed Crab echoes

Intrinsic and/or propagation effects?

Cordes et al. 2017



Summary

e FRB121102 requires a source that can survive
creating the bursts themselves.

e It is located at I Gpc in a star-forming region of a
dwarf galaxy.

e It is coincident with a persistent radio source
(nebula, AGN-like?).

e Energy scale of bursts (~10%° erg/s) is still possible
with an extreme neutron star.

¢ It inhabits an extremely magnetized environment.

e Spectrotemporal behavior of bursts appears to be
very diagnostic.



