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Icecube-170922A and TXS 0506+056
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Electromagnetic emission of various SOUREES

Expected emission: Opt. peak mag.: Duration:

GRBs y-rays, X-rays, UV, -24th ~100 s
optical
rarely: VHE y-rays
choked or optical SN: -19th v:~100 s
II-GRBs maybe: y-rays, X- em.: ~30 d
rays, late radio
type lin optical -18th ~100 days
SNe rarely: y-rays, X-rays (-21th if superl.)
jetted TDEs optical, UV, X-rays -20th ~100 days
blazars all wavelengths -26th minutes -
months
9.
Nora Linn Strotjohann | Optical emission from neutrino sources | 2019-05-21 | Page 14 ':t.:'.
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Optical follow up (Neutrinos)
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lceCube’s optical follow. up. preg

ANl
D - -
Gamma-Ray A A Supernova | Supernova
Burst (GRB) '/ . g with choked Y 2" Typelin csm ;& v(&Y)
jets B & “‘,J/ .
VI I y L
7Rt L ) Nt ’,v
progenitor AN Y] progenitor ::,"
Neutron
Star
;"//
)
Y&v
Active Galactic ’QA P Tidal Disruption \ & 4 vonly
Nucleus (AGN) i event (TDE) .‘

& ﬂ\,\,«‘\\

Super
massive BH

: Selection criteria for optical and
IceCube X-ray follow-up:

>2 Vy in 100s and 3.5°

\
/ .,
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Distance of a heutrino SOULEE

® simulate a cosmic population of neutrino sources (in the example here no source evolution was used):

® Determine which sources are detected with |, 2, or 3 events

® — single events are most likely detected from distant sources
source distance [Mpc]
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: ‘oL ,
with one event

® here for an absolute optical magnitude of -20

® most counterparts are close to the c

etection limit of a typical telescope

for limiting mag. 20

0.07 -
0.06 -
20% of sources
0.05 - brighter than
> 20th mag
S5 0.04
{¥]
S
= 0.03
0.02 -
0.01 Nora Linn Strotjohann
Amon workshop
Chiba, May 2019
0.00 s . —
28 26 20 18 16
apparent magnitude [mag]
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Follow up and detection probabilit
ASAS-SN  ZTF PAN-STARRS
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Neutrino Follow~up

Obseryvation of Supernovae in
IceCube/PTF/Swift/Pan-STARRS Astrophys.J. 811 (2015) no.1, 52

Detection of a SN IIn in Optical Follow-up Observations of lceCube Neutrino Events

19.0 T T T T I I I — 292
: ‘ event 1
185— ----- y 4 0 event 2 a -2
B meanv
180} - - e~ 1 @ SN location - —20
5 j ' '  §l=—=_PTF Fo { e
= : B N & —19
g 175 \ostgh s 2
E | AR
g 17.0 - B I i----t =
- s b 1 § 17k Mlatest oo o
16.5 | --4-- E EE 2 <
00N P 08} 10 11 1O ¥ e
: v ‘5 . | ' - '
16.0"'"? """ § """ § """ § """" § """" § """ i I [ T e P P o _ . .
—-— e o) . ¥ i e e e e e (l ] ] l [ [ ]
' ' ' ' ' ' L ~200 100 0O 100 200 300 400 500

15.
51503.0 103.5104.0104.5105.0 105.5106.0 106.5 107.0

_ ) Days since first detection (rest frame)
Right Ascension [°]

Optical Follow up resulted in the discovery of a Supernova Type lIn (z=0.0684)
PTF12csy 0.2° away from the neutrino alert direction.

Causal connection is unlikely, explosion at least 158 days before neutrino observation
A posteriori significance of the detection is 2.20
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IceCube arXiv:1702.06131v1 submitted to Astronomy & Astrophysics ]
IceCube arXiv:1702.06131vl  [ceCube arXiv:1702.06131v1
48 Ll Ll Ll 1 1 1 1
1.0 — T T T T —TTTT T
— 23 v detected 16
) — 2vdetected : i [
46 - - ‘6 0.8H —0 1 UdetECtEd S ..........E..... ........................E........ -
|l : !
: 1
B 0.6+
44; T .
| R e R i Bainind duls bbbt by {
= £
8 | ¢ 0.4+ Il-
T 42F 1 i !
c 2 0.2+
9o
T 40t - ; i . | GRB afterglows (R band)
c 0.8 T IR Sy~ R —  LCO (UBVgri-bands)
‘.6 redshift of neutrino source 24} I I MASTER (no filter)
Q 38 ) I I ASAS-SN (V-band)
()] B 7 Fig. 8: Probability of detecting a neutrino source within a certain red- - N
shift. The figure was generated by simulating a population of transient 10° 10° 10° 10°
neutrino sources with a density of 4x 10-Mpc— yr~! distributed in ; . .
3 6 redshift according to the star-formation rate and normalized to produce time since trigger [s]
= . the detected astrophysical neutrino flux. Sources detected with only one . - . )
single neutrino are on average far away (median redshift of 1.1), while (b) Optlcal GRB hght curves.
sources detected with three or more neutrinos must be located nearby.
34+ -
1 1 1 1

34 32 30 28 26 24 22 20
Right Ascension (deg)

Fig. 1: Location of the three neutrino candidates in the triplet with their
50% error circles. The plus sign shows the combined direction and the
shaded circle is the combined 50% error circle. The solid circles show
the results of the MPE reconstruction which is as the default reconstruc-
tion in the following and the thin dashed circles correspond to the results
of the Spline MPE reconstruction (compare Table 1).

Observation of a neutrino triplet event, optical follow up was triggered, no likely
counterparts observed.

(Random neutrino triplet events occur every 13.6yrs)

Summer Institute 2019 12 é:S Carsten Rott



Graviational VWave Follow Ups
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GW170817 and GRB170817

Fermi .

— LIGO Hanford

INTEGRAL

ASTRONOMY

gravitational waves gamma rays
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ra of GVV astronomy

® The era of GW astronomy has started

| | | | .
Inspiral Merger Ring- IN 20 I 5

down
e GWI50914 (BH-BH merger)

Q f‘) G . ® Nobel Prize 2017

® However, GW alone no accurate

10 ﬂ # - position
5 93 A i ® Detection of counter part highly
— .
~ 0.0 j\M—- desired
© .
5°0.5 v - ® Accurate position
-1.0 F—="Numerical refativity ] ® Accurate redshift/distance
B Reconstructed (template) | |
_ | | | | o ® Astrophysical studies
Y06 |- 14 Z L
2 0.5 | — Black hole separation 43 & ® Event classification
'Q | |===Black hole relative velocity 12 5
o L © o
204 171 8§ Search' for new phenomena
> 0.3 L g § (e.g., kilonova)
0.30 0.35 0.40 0.45 : .
, ® Cosmological application
Time (s)
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Jet—ISM Shock (Afterglow)

Optical (hours—days)
Radio (weeks—years)

Ejecta—ISM Shock
f Radio (years)

'l
' Merger Ejecta
* Tidal m & Disk Wind

Metzger & Berger 2012,
Ap), 746, 48

EM signatures from BINS

mﬂ!bfg\%f

® EM signatures from NS-NS
merger (BNS)

® On-axis - short GRB
(sGRB)

o Off-axis - radio emissions
® Radioactive emission

® kilonova, macronova, ...

. Kasen et al. (2017 Nature)

a 42,0 T T T ) T T T
Bolometric light curve 0zl Infrared
— X, =107 Spectrum at
41.5 — X, =10 15} t=45d
— Xy = 1072
— X, = 107"

o
(&)

log,[Bolometric luminosity (erg s™)]
Specific luminosity (104! erg s~ um=") ©
(@]

Xian = Lanthanide fraction |
0 2 4 6 8 10 0.5 1.0 1.5 2.0 2.5 3.0
Days since merger Wavelength (um)
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GW170817: NS-NS merger
Optical counterpart discovery

- 8 telescopes in Chile spotted GW counterpart at 11 hours
after GW detection

« NGC 4993 at ~40 Mpc (RA:13h09m47s, Dec:-23d23m02s)

.LIGO Hanford «——

Swope 4109 h -
: 1% AR
-‘ % Q.g LIGO Livingston
| BOOTES-52+ 21 % 1
. N (BOOTESH &Lt/
’ ._I “MMA paper” MFaCystm)
o e E LIGO, Virgo,
‘ 8 Partner Astronomy Groups |
DLY40 -205d \
IPN Fermi / 2017, ApJL \ PO
INTEGRAL { \ 4.
s &.‘s» . @.& @
‘ ; \ 2, W, :
sy et KMTNet-CTIO KMTNet-SAAO KMTNet-SSO(SiSH 2 &7 )

< ) tZapd] 24 (A 2 Cish)
e EEEE] HEEE R Olg =g aria
s =t nsl e iTelescope.NetSH 21 7 (M 2 Chat )
. _/-"
—y
>

-

- IceCube(IceCubegiT'é/
K@ aet)

Bl A1 EN: LIGO-Virgo 2 LIGO-Virgo

« At 2017-8-18, about 21 hours after the GW detection, the GW EM

counterpart was detected by LSGT (0.43m telescope!) KMTNet-SAAO 08-18

2017-08-18 10:08:01(UT)

GW170817

/

NGC 4993

HEQHR 27| STHAARD

Lee Sang Gak Telescope Optical counterpart detection
(Siding Spring Observatory) by LSGT
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ANAON

Astrophysica| Multimcsscngcr Obscrvatory Network

http://www.amon.psu.edu/

-
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® Real-time and near real-time sharing of sub threshold data
among multimessenger observatories

® Real-time and archival searches for any coincident (in time
and space) signals.

® Prompt distribution of alerts for follow-up observations

Summer Institute 2019 19 (/5 Carsten Rott



AN M (@) N

o |, § Eas e AMON using sub-threshold
e -8 ‘TQ'\ data for multimessenger
/ / DI e Y . searches in real-time.
S ERL

o A
k"‘ ‘\
AN | w“s ® AMON greatly simplifies

ﬁ multimessengers searches:

e Common data format,
transfer protocol, event

o . , _ database, MoUs.
Cosmic rays l

O Photons / L/ . /

@ Grav. waves . /-' e

@ Neutrinos < [/‘_#4

Astrophysical Multi-messenger Observatory Network (AMON)
Main idea: (Near) Real-time searches for transients to advance
multimessenger astrophysics.

® Real-time coincidences:

® Receive event data from different observatories and perform an immediate analysis

® Sub-threshold data:
® Receive data that is below the detection threshold of an individual observatory

® Careful coincident analysis can bring a sub-threshold event data into a possible
detection

Summer Institute 2019 20 63 Carsten Rott
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AMON members and prospective®™ members.

CR
Pierre
Auger SWIFT
VERITAS ::::r(::;
HESS HAWC
MAGIC

*LIGO-
Virgo

LMT
Palomar Transient Factory
MASTER

11
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AN 1 N’ 1N

AMON receives sub-threshold data events and sends alerts to GCN/TAN which then are
distributed to partner observatories/public. Interesting follow-ups are sent back to AMON

and AMON then broadcasts alert revisions
CR
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Multi-Messenger AstrophysIEs

N

neutrinos

MULTIMESSENGER
ASTBONOMY

gravitational waves CEININERENS

Summer Institute 2019 | Carsten Rott



THE ASTROPHYSICAL JOURNAL LETTERS, 850:L35 (18pp). 2017 December 1 https://doi.org /10.3847/2041-8213 / aa9aed
© 2017. The American Astronomical Society.

CrossMark
Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817
with ANTARES, IceCube, and the Pierre Auger Observatory

ANTARES Collaboration, IceCube Collaboration, The Pierre Auger Collaboration,
and LIGO Scientific Collaboration and Virgo Collaboration
(See the end matter for the full list of authors.)

Received 2017 October 15; revised 2017 November 9; accepted 2017 November 10; published 2017 November 29 G W 1 7 O 8 1 7

Abstract
The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary

L] L L}
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by - b I n a ry n e u t ro n Sta r I n S p I ra I
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV-EeV energy range using the ANTARES, IceCube, — fo I I Owe d by S h O rt G R B (O b S e rve d
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within +=500s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day -
period following the merger, but found no evidence of emission. We used these results to probe dissipation by Fe rl I l I- G B M)
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Imre Bartos Neutrino 2018

r_—————-—\\ GWI170817 Neutrino limits (fluence per flavor: v, +v;)
X ; S—
e8 . \ 107§ ANTARES %500 sec time=window |1
= /:};\\ — 10° } .
i Auger
5 2 f = S 10" leeCube ‘_’_q: S
. x ) /\ \ > ——————— -~
150 xl 6 ’f 9 / 6 loo r o z’::___,. - Sees 1
0° B\ IocCube npgoing. R, |0 3 x_ O 10 /17 iEEE. .- o =, Kinura et al,
eCube down-g !1 - e A P [l T — . ™, EE moderate |
15° L o'/ [——GW i90% cL) @ g A
- - e [T + NOC 4993 2 [ N
) ~ / ¥ neutrino candidate (IceCube) 10 r{?;?:’w’.‘ c“:“t].' & ./.——‘—°~6_—-. Kimura et aff
—30 /;( / O neutrino candidste (ANTARES) 10~ s AT promipt
— =] | e T Cuibbe horbzon
e 7 — — ANTARES horizon
—60" / ] Auger FoV (Eartheskimming)
- / oV ; o
N——/_ [ JAuger FoV (downmgoing) 3 ANTANE
T = 10 — .
w
% IceCube :
G 10°} Fang & !
. N N ) — Metzger
* Search within 1000 s and 2-week time windows (model motivated). =l 30 days
< Fang &
* Complementary sensitivity from the three detectors. 107 f Metzger |
| 14 day time-window 3 days
* No significant coincident detection. 0T I 107 1710 10T 101 o™ To

E/GeV
ANTARES, IceCube, Auger, LIGO, Virgo 2017

* On-axis emission could have produced detectable emission in some models.
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® Neutrino observed in coincidence with Gravitational wave !
... but significance from this event alone is not very high GW

TITLE: GCN CIRCULAR

NUMBER: 25192

SUBJECT: LIGO/Virgo S190728q: One neutrino candidate from lceCube search
DATE: 19/07/28 10:06:18 GMT

FROM: Raamis Hussain at IceCube <raamis.hussain@icecube.wisc.edu>

IceCube Collaboration (http://icecube.wisc.edu/) reports:

A search for track-like muon neutrino events detected by lceCube consistent with the sky localization of gravitational-wave candidate
S190728q in a time range of 1000 seconds [1] centered on the alert event time (2019-07-28 06:36:50.529 UTC to 2019-07-28
06:53:30.529 UTC) has been performed. During this time period lceCube was collecting good quality data.The search is a maximum

likelihood analysis which searches for a generic point-like neutrino source coincident with the given GW skymap [2].

One track-like event is found in spatial and temporal coincidence with the gravitational-wave candidate S190728q calculated from the map
circulated in the 4-Initial notice.This represents an overall p-value of 0.03 (1.84 sigma).

An earlier search (GCN 25185) based on preliminary information of S190728q yielded no significant p-values for the worse GW
localization [3].

Properties of the coincident events are shown below.

dt ra (deg) dec (deg) Angular Uncertainty(deg) p-value(generic transient)
-360  312.87 5.85 4.8l 0.039
where:

dt = Time offset (sec) of track event with respect to GVV trigger.

Angular uncertainty = Angular uncertainty of track event: the radius of a circle representing 90% CL containment by area.
p-value = the p-value for this specific track event

RA & Dec = Right ascension and declination in degrees quoted in J2000 epoch

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector operating at the geographic South Pole, Antarctica. The
IceCube realtime alert point of contact can be reached at roc@icecube.wisc.edu

[1] Baret et al.,Astroparticle Physics 35, | (2011)
[2] Braun et al.,Astroparticle Physics 29,299 (2008)
[3] GCN 25185: https://gcn.gsfc.nasa.gov/gen3/25185.gen3

https://gcn.gsfc.nasa.gov/gen3/25192.gcn3
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Gravitational VVaves Followalp
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Gamma-ray observatories
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[arXiv:0902.1089]

Large Area Telescope

(LAT) /
5
o

ma-ray Burst Monitor

(GBM)
Detection Method Water-cherenkov Pair conversion Cherenkov light from
surface em-shower particle shower

Effective Area 0.1km2 (above 10TeV) Im?2 ~400-500m?

?aay"'"'a' Field of View (FOV) 2sr (coverage 8sr) 2.5sr 3.50 - 5.0

_ Duty cycle ~100% ~100% ~15-10%

Particle
Energy range 100GeV - 100TeV 20MeV - 300GeV  >100GeV
Energy resolution  <50%(@ |0TeV) 4% (@5GeV) 10% - 20%

2% (@200GeV)

Angular resolution ~0.1° (@100TeV)  ~0.1° (@10GeV)  0.1°at 100 GeV
~0.5° (@1 TeV)

~2.0°(@100GeV)  ~3.50(@100MeV)
large FOV pointed observations

continuous operations
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Gamma-ray continuous
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Fermi
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-
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Neutrino Excess
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Galactic Longitude
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10

10
E, [TeV]

10° 10t 107 10°
Stacked search for neutrino emission from HAWC 2HWC catalog
Template analysis for neutrino emission from Galactic plane and certain source regions

Most significant result is for J1857+027 (p value 0.02 before trials correction)
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A

TEIITEN S L HAASO —a one km?multi-
o e | - S g hybrid detector in China
® Deployments on-going
2N e First detectors operating
Luansox 4 ® Construction completion

By i 2 F 0 15 il b In 2021

12 wide-field-of-view
air Cherenkov =~ -~ 5 : _
telescopes A ' 80,000-m? sur'fa,;:e-
‘ 5,195 scintillator ~water Cherenkov: 1,171 underground
detectors detector ~ water Cherenkov tanks
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Gamma-ray pointed

Summer Institute 2019 33 6 Carsten Rott



cherenkov. *
telescope
array

~ medium-sized / Iargé-sized
telescopes (MST) | - telescopes (LST)

L | Scuence o

e with the
small-sized R/

telescopes (SST) 2 - ' . R CherenkOV
~4m o VEEER L 0 TN
S T elescope

e Two sides:
® Southern side 4km? coverage (SST+MST+LST)
® Northern side 0.4km? coverage (MST+LST)

® CTA Schedule

® 2018 - Host sites agreements finalized

® 2020 First Pre-production telescopes on Site . arXiv:1709.07997
® 2022 Begin of Observatory Operations

® 2025 Construction Project Completion
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‘ cherenkov telescope array

1,350 scientists
) from 210 institutes
In 32 countries

-»

$ Google, Inst. Geogr. Nacional
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o 4 LSTs
Jee. ' |t 25 MSTs
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® Array Sites

® Headquarters @ Science Data Management Centre
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CTA Sensitivity and Multimessenger progkain

© CTA Consortium, “Science with CTA Book
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CTA Follow-up
strategy of GW sky

® Accessible energy range from below 100 GeV to above 100 localisation region

TeV
arXiv:1801.05167

® A factor of 5-20x improvement in differential sensitivity
relative to current IACTS

Dec [deg]

e 8° FOV in survey mode for extended objects
® Transients - Limited FOV dependent on external triggers

® Fast slewing of the LST telescopes (~20s) and coverage or
both hemispheres
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Band or
Messenger

Astrophysical
Probes

Particle and magnetic-
field density probe.
Transients. Pulsar timing.

Radio

Interstellar gas mapping.
(EUTD T3 =N Matter ionisation levels.

IR/Optical

Transient
Factories

X-rays

MeV-GeV

Gamma-rays

Other VHE

Neutrinos

Gravitational
Waves

High-res interferometry.

Thermal emission.
Variable non-thermal
emission. Polarisation.

Wide-field monitoring &

transients detection. Multi-

messenger follow-ups.

Accretion and outflows.
Particle acceleration.
Plasma properties.

High-energy transients.
Pion-decay signature.

Inverse-Compton process

Particle detectors for
100% duty cycle
monitoring of TeV sky.

Probe of cosmic-ray
acceleration sites. Probe

of PeV energy processes.

Mergers of compact
objects (Neutron Stars).
Gamma-ray Bursts.

Galactic CRs & . Starburst .
Plane LMC & Diffuse Gala_c tic & Galaxy GRBs AGNs Radl_o Redshifts GWS_ &
SFRs . Transients Galaxies Neutrinos
Survey Emission Clusters
(4 (4 v (4 (4 v (4 v v
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Figure 3: Matrix of CTA Science Cases and associated MWL / multi-messenger synergies. The science cases listed refer to the core science programme of
CTA, to be developed within the Consortium proprietary time. Some comments on the astrophysical capabilities from each band are also added. Ticks marked
in red are to indicate the principal synergies of each science case.
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- I = ‘ 5H
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D Mss = Misz i
~—— —_— . ringdown
1. Learn more >
Goals: 1-3kHz 2 -3 kHz S
2. Detect more & 5—-6kHz 6.5—7 kHz
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S
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inspiral o — accretion
/ Resyy 2 Kisco " BH
‘ tidal disruption N ‘
BH : I

- ringdown

Bartos+ 2013 T
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Stellar core collapsé

Gravitational waves from
rapidly rotating cores?

‘ core collapse ‘ explos:on

massive star
core coﬂapses into s
a neutron star “. .
Y
. . . accreting black hole
Differential rotation (e.g Corvino+ 2010) f ‘:gh}.et
* Dynamical instabilities (shorter time scale)
« Secular instabilities (longer time scale) Fallback accretion? (Piro & Thrane, 2012)
* Magnetic distortion . Bartos ICRC2019
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Binary black holes

300 4 T T
) | - 'I l‘ | | 1 ' | | / ‘
w0 4 GW events
100 ~ - ‘
H0 \
50 : /
A 30 4 1 ) o ) \ ‘
S 50 1 * Mass/spin distribution / \
f-‘_ = - | * Orbital eccentricity 1
- l * Multi-messenger emission?
E { >
S ] dense stellar systems
7] (dynamical encounter)
3 I 7~
, _ -
l E 1 | 1 I 1 1 1 || ] | 1 R - . ‘
SR RO IR Y S N
SRS isolated stellar binaries .
OEOEOEOEOEOR OO OO . . . . "
S (field binaries) primordial black holes
L Irgo |. Bartos ICRC2019
Summer Institute 2019 41 (§ Carsten Rott



Masses in the Stellar Graveyard

in Solar Masses

m» A m, = m, by definition ﬁ
/0
/z
/7
/7
/
/
/
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/7
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7/
/7
/7
/
/
/7
/7
//
,*° BBH
/7
/
7/
/7
//
5 Mo N y2
/7
//
,/ MassGap
// Known Neutron Stars .
3 M@ 7 //
/7
7 (]
+BNS NSBH
/7
% e .
_i(/ LIGO-Virgo Neutron Stars

1My 3Ms 5M,g

https://emfollow.docs.ligo.org/userguide/content.html
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| he next few.years

=mEarly w=mMid == ate =mDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo cz| & ¥ s
25-40 40-140 140
Mpc Mpc Mpc
| 1 1 1 L 1 1 | 1 |
2015 2016 2017 2018 2019 2020 2021 2022 2023
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Advanced LIGO

Advanced Virgo
[ ey (2017, 2065 Mipe)
oo I Mid (2018-19, 65-85 Mpe)
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3km Cryogenic Laser Interferometer

| 000m under the mountain summit
358m above sea level
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XMASQQ‘ 4 Kamland
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B Super Kamiokande
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Spectra data from LIGO-T1500293 frequency [Hz]
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A+’ alIGO mid scale upgrade

® Upgrade to alLIGO that
leverages existing
technology and
infrastructure, with minimal
new investment and
moderate risk

® Target:average |.7x increase
in range over aLIGO

® ~ 5x greater event rate
than Advanced LIGO

® ~ 40 times greater than
current Advanced LIGO
sensitivity

® Stepping stone to future
detector technologies

® Two year down time; back
online by 2023

Strain noise h [1/V Hz]

S
N

—

o

'
N
w

10

A+ Strain Projection (Comoving Ranges: NSNS 1.4/1.4 M. and BHBH 20/20 M)
T T T T T T T ] T T T T T T T T T

= -1 typical: NSNS 74 Mpc, BHBH 581 Mpc =
aLIGO full power: NSNS 191 Mpc, BHBH 1366 Mpc
- A+: NSNS 354 Mpc, BHBH 2240 Mpc
1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 I
10" 102 10°

Frequency (Hz)

A+ key parameters
|2 dB injected squeezing
| 5% readout loss
100 m filter cavity (FC)
20 ppm round trip FC loss
Coating Thermal Noise half of aLIGO
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Einstein Telescope

Cosmic Explorer

USA Europe | Japan
TAMA
LIGO : GEO
Virgo !
Advanced . Y GEO-HF
LIGO Advanced
....... 4. Virgo [/ KAGRA
e A+ __________ _' ~~~~~~
PG Tl KAGRA+
Vovaser N f e
y{g Einstein Telescope 2022~247?

Cosmic Explorer
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GRB+GW Prospects
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® Was GRB 170817A

)
GRB 170817A Detectability lucky?
R Swift-BAT ® |s there a huge
SPI-ACS 30 Mpc . .
35Mp population of faint
nearby sGRBs!?

® How well can the
current fleet of GRB
instruments do!?

argeted

srgete ® How can we do
70 Mpc better!?
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G W+ G B M R an ge Instrument Year | Frequency Range | BNS Range | BNS Rates (1/year)

GEO600 1995- | ~150-3000 Hz
Advanced LIGO | 2015- ~20-1000 Hz 173 Mpc | 0(0O1;2015-2016)
Advanced Virgo | 2016- ~20-1000 Hz 125 Mpc 1(02;2017-2018)

KAGRA 2019+ | ~20-700 Hz 140 Mpc 4-80 (2020+)
LIGO-India | 2024+ | ~20-1000Hz | 173Mpc | 11-180 (2024+)
Advanced LIGO+ | 2025+ | ~20-1000Hz | 325 Mpc >100
Design 2020+ Advanced Virgo+ | 2025+ | ~20-1000Hz | 215Mpc
330 Mpc LIGO Voyager | 2028+ | ~10-5,000Hz | ~1 Gpc >1,000

Burns et al. 2019 (arXiv:1903.04472)

03 2019+
225 Mpc

03 2019+
120 Mpc
Design 2020+
175 Mpc
A+ Upgrade 2024+
300 Mpc

GW Range

® Coincident GRB provides more than astrophysics, but also joint
localization and detection, increasing capability

® On-axis events have stronger GWV signals

® GRB provides trigger time and rough sky localization, allows GW
search window to be smaller, and therefore more sensitive given trials
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Gravitational YWave Counteipalits

Hanford Handford + GEM

® Gamma-ray GRB localization
in addition with ax
intel"fer'ometr')' |n GW 1°+120" «90° o5 3 " " 90 _ 207 1 . *150%120" 50" #60" «30° 0" 30" 60" 90° 120" 150"
network helps fast | |
localization

1.4 x 10 8.3x 10" 0.0 x 10° 1.8 x10™

prob, per deg’ prob, per deg?

Hanford and Livingston Hanford + Livingston + GBM
75¢

® Especially important for | or
2 interferometer localizations

TS5

30°

. GBM Iocalization PrOVided ?: =150%-120% -50% 40" 30" 9' 30 &0* 90* 120* 1%0° 1:_. -150%-120* * <60 -30* 0 MW" 60* 90 120° 1%
L . , / . ,
within seconds of detection / /
® |oint localizations with LIGO s ;
J . . = — | —
are on-going and provided ot purdegt 1RO DOXIP pop perdeg?  SOXIO
automatically in O3 —
— HLV Firal

W AT 2017gf0 |
!
_,5.*,_...—.---- ——{e15°
\ |
\ |
|
\ |
L] '—“"“- T —,‘"Jo.
=30}~ “ l
\ !
716" 160~
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: , p} | - +1n~ L I
S of the Current GRB-detectinsiElEet
Year . Field of View x Duty Cycle sGRB Rate
Launched ray 9 (% of sky) (yr-1)
KONUS-Wind 1994 20 keV - 15 MeV 95% 18
INTEGRAL SPI/ACS 2002 80 kev - 10 MeV 100% ~30
Swift-BAT 2004 15-150 keV 15% 10
Fermi-LAT 2008 30 MeV - >300 GeV 20% ~1
Fermi-GBM 2008 8 keV - 40 MeV 60% 40-80
CALET-CGBM 2014 7 keV - 20 MeV 25% ~3-6
AstroSat-CZTI 2015 10-150 keV 1% ~3
Insight-HXMT 2017 0.2-3 MeV 60% ~5-10
Other gamma-ray monitors that are part of IPN: Odyssey, Messenger
Konus - —6
10° one” W!N'?E‘G%L"gﬁ%gém &ﬁ%&.ﬁ:: ~ 10 CALET-CGBM
] CALET-CGBf AMEGO T, 107/ Kogus-WIND SVOM
| * SVOM o . inTAB-GEM
—_ SR Ea Einstein Probe THESEUS e INTEGRAL SPI/ACEIL SR :.E;cu pﬁ'é‘z
5 10°: ’ . U 1078 53 AR B
% ; TAP-WFI| o INTEGRAL IBIS HXMT
> INTEGRAL IBIS “ 9
o ] ® > 109 - AMEGO
107 5 2 TAP-WFI|
j 'g 10-10 ] THESEUS
10-2 AstroSAT-CZT | 7 10-11 SWift-BAT Einstein Probe
1990 2000 2010 2020 2030 2040 1990 2000 2010 2020 2030 2040
Year Launched Year Launched
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D

GRB detectonss

® Capabilities needed for GW-GRB science in the next decade!
® All-sky coverage
® Sensitivity to weak GRBs
e Rapid notification
® degree-scale (or better) localizations
® Wide gamma-ray energy band
® Rapid multi-wavelength follow-up observations
e Considerations
® all on one platform or distributed

® dedicated GRB mission or broadly capable
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Judy Racusin @ The New Era of
u rS u e Multi-Messenger Astrophysics,
Groningen, March 26-30,2019

PI: Jeremy Perkins (NASA/GSFC)

6U CubeSat currently in design and
prototyping phase
* Instrument:

* Four 9 cm diameter Csl scintillating
crystals read out by low-power SiPM
arrays

* Energy band 30-1000 keV

« Rapid Communications - will send GRB

Spectral fits
alerts and localization to community within N T
minutes o
« Complement existing GRB-detecting “ t /| -
instruments RIS, Bursicphe praiminary
« Launch ready in late-2021 = ol w"&%'
« 6 month mission, 1 year goal m) i mJ” %
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~ AMEGO - All-sky MediumtERers

M
Nl
= AN\ 7 A~ ‘'NCQ ¢ » 1]

* Double-sided silicon strip tracker, CZT & Csl
o~ 2000 Wtk calorimeters, ACD

Segment

Polarization

* Compton & Pair Telescope viewing ~20% of
s R @ S8F Culasiatey o sky surveying entire sky over 2 orbits (like
’ Object E Fermi-LAT)
Binaries galactic Diffu ' \ Csl (‘:‘alonmotor .
¢ & o : SN -~ Ve e Many sources have peak spectra in MeV band
Pulsar Wind P e W "'"".!: (AGN, pulsars, GRBs) — sensitive instrument

needed to understand emission processes

e |f GW-GRBs are under-luminous, AMEGO will
be far more sensitive than scintillator
instruments

e Launch in late 2020’s

* 5 year mission (10 year goal)

Nebulae o
Mah'bnetm ' I Supernova Remnants

8%
Gamma.m)v Active Galactic A P
Bursts » Nuclei et ,.__'Navae
Ny ’ Gravitational
Wave
o Counterparts

Neutrino Gary
Counterparts Dark Matter

fl“'llt
"Continuum

Image - https://asd.gsfc.nasa.gov/amego/

‘]

® Probe Concept: 2020 NASA

E‘[vMeVslcm
H
o

Astrophysics Decadal Review > 104} SPI EGRET
® Energy Range: 200 keV to 10 - 305
GeV E \
i o § 1075 S Fermi-LAT
® Observing strategy: survey (80% : AMEGO -
sky/orbit, ~2.5 sr FoV) g
c
S NuSTAR
” 107 z : - 5 6
https://asd.gsfc.nasa.gov/amego/ e 1o 10° 10° 10° 10 10

Energy (MeV)
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Board on Physiés_.an.d Astro_nomy
Space Studies Board
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https://baas.aas.org/community/astro2020-science-white-papers/

| — /\ ~ = gy oy

® Conducted by The National Academies of Sciences,
Engineering, and Medicine

® Private, nonprofit institutions that provide independent
advice to the nation on pressing science issues.

® All 3 agencies (NASA, NSF, and DOE) & the National
Academies want to see ambitious programs backed by

Board on Phys‘ic's_an.d Astronomy
Space Studies Board strong science cases

Task highlights:
® Review current state of astronomy and astrophysics

® |dentify compelling science challenges for future
® Develop research strategy to advance scientific frontiers in 2022-2032
® Recommend and rank high priority activities
® Consider international and private landscape
® Consider timing, cost, and risk
® Develop decision rules for robust program
® Assess the state of the profession
® Provide specific, actionable and practical recommendations
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» Undertaken by the National Academies
of Sciences, Engineering, and Medicine
for NASA, NSF and DOE and led by

community members who analyze and _ |SoLAR AND
prioritize science questions for the next 4
decade.

 Provides prioritized recommendations

for government investment in research
and facilities, including space and

ground-based activities.

THRIVING ovous
CHANGING PLANET

A Dvradid S amngy bor Earth Ubservation om 5 pace

» Required by US Congress under the
2005 and 2008 NASA Authorization
Acts, including an evaluation of
risks/budgets for major missions. Also
reaffirmed in NASA Transition

Authorization Act of 201 7/.

e R R e s 2
The National Academies of

SCIENCES * ENGINEERING + MEDICINE
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« Ground and space-based observations, theory, computation, lab
astrophysics

* Ground-based solar astronomy
« Gravitational-wave observations related to astronomy and

astrophysics
* Multi-messenger astronomy and astrophysics

« Exoplanets & Astrobiology
— Informed by recent NAS studies: Exoplanet Science Strategy and
Astrobiology Strategy for the Search for Life
« Consider implementation and scope of WFIRST, Athena, LISA
— Need not be ranked

* Excluded: direct dark matter detection, microgravity research,
fundamental physics, projects under construction (JWST, DKIST, LSST,
DESI)

e P i
The National Academies of

SCIENCES * ENGINEERING - MEDICINE

Summer Institute 2019 60 53 Carsten Rott



/T meline

Activity

SRl RN IR P EE  Co-Chairs Announced (Fiona Harrison,Rob Kennicutt )

Spring 2019 Survey committee identified & appointed

Late Spring 2019 Panels formed
Late CY2019 Panel deliberations

Spring / Summer 2020 Survey deliberations and report writing

Early 2021 Release of public report

® |2 Panels (including Particle Astrophysics and Gravitation)

® 590 white submissions

® available at www.nas.edu/astro2020 / https://baas.aas.org/
community/astro2020-science-white-papers/
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http://www.nas.edu/astro2020

Multi-Messenger Connection among

High-Energy
Cosmic Particles
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Combined pictule

gamma neutrino UHECR

— lceCube (HESE 4yr) T KASCADE — all
mm v — all flavor + ¢ KASCADE —light
—- Murase —Beacom 2010 ** A Auger (E x 1,05)

(-
9
wn

TA 4+ TALE (E x0,91)

]
(-
o

+

Y mm CR-—all
| T + + == CR— medium/heavy
| G l 4= CR-—light

s

P AT S P T aea e mae T
E[GeV]

ot

Q
~J

#

E20[GeVcm2s 1grl
pd
<

(-

9
(te)

>

-
o

s

o

Summer Institute 2019 63 {S Carsten Rott



Kohta Murase (LHC Results forum 2019)

Astrophysical Explanations

E,~ 0.04 E_: PeV neutrino & 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators . .
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclel

y-ray burst

])+])—>N7T+X

IIHH]T IHHH‘ IHIIII IIHHII IHIHII Ilﬂmll IHIIHl IHHII IIIIIIII llHIl
Gpp | - !
. PP ,
| S S N S S N N
. "
, g
v . .§
A-resonance TR ¢ ;
+ direct cv. é ) ‘%’# ‘ =
( (R T T
, MeV) ‘

pr~occpp~0.5 mb

£'he’y ~ (0.34 GeV)(mp/2) ~ 0.16 GeV?
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Kohta Murase (LHC Results forum 2019 s 4
Astrophysical Explanations

E,~ 0.04 E;: PeV neutrino & 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclei y-ray burst

p+y— Nw+X p+p—= N+ X

n¥:19~1:1 n+:m0~2:1
— EY2 O, ~ (4/3) EZ2d, —> EY2 ©, ~ (2/3) EZ2D,
T =y +y

>TeV y rays interact with CMB & extragalactic background light (EBL)

o ex. 1.(TeV) ~ 300 Mpc
V+VemprsL T €t (PeV) ~ 10 kpc ~ distance to Gal. Center
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Kohta Murase (LHC Results forum 2019)

Cosmic Particle Unification?

AGN embedded in large scale structures (Fang & KM Nature Phys 18)

1072 Y
| —+ FermiEGB ~- |ceCube (HESE 6yr) KASCADE — all
] == FermiEGB (non—blazar) [ IceCube (v, 6yr) + ¢ KASCADE — light
| == Associatedyray —total s v-—allflavor A Auger (E x 1.05)
— 10—6_ == Associated yray — source Murase — Beacom 2010 ++ TA + TALE (E x 0,91)
.—lc ] + [ = CR—2all
G }._H_*_ 7 + * ‘A“ ss CR—medium/heavy
— T ' 4= CR—light
| s -
v 1077 +i Y - AAA
~ +—+— V
| ++
-
O R [— ~)
> —8
> 10
O,
hg
w 107°
1010 L, ——t A W N e A
101 102 10° 104 10°> 10° 107 108 10° 1010 10%!
E[GeV]
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® Multi-messenger
astroparticle physics a
vibrant new field

Can observe the Universe in
fundamentally new ways

New instrumentation will
continue to drive discoveries

Big data and model building
challenges ahead ... making
sense of all the data

NEUTRINOS
AR
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Backup
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Radio Detection of

Neutrinos
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Instrument the ice

ARA station - South Pole Station

200 m W

ARA Instrumentation

Central Station

Electronics

2 - . =-“\5 small A add
= destructively

large A add Particle bunch
Cotesenty emitting EM radiation

ey
Calibration
antennas l

u n©
s nev
S fgnsminer l ; ﬂﬁe
st I I .. ) . . :

Hpol / o Antarctic ice sheet is lots of ice and it is radio transparent!
=~ : e

Vpol '[| '

/
ARIANNA Graphic: Oindree Banerjee

Minna Bluff
—— » RICE (Radio Ice Cherenkov Experiment) 1995-2012

"* - Dave Besson, llya Kravchenko, et al.
i ) g - Antennas deployed along strings of AMANDA
Factor ARA ARIANNA
SitZt South Pole Ross Ice Shelf -~ 1 00-200 m depth
e o P « World’s best limits for one decade for 50 PeV-1 EeV
adio Atten. Length 820 m (avg.) 400 m (avg.)
Antenna Deployment 200 m deep narrow | Surface
borehole
Acceptance Horizontal Horizontal +
| ' - Qowngoing . . .
Lo .. Pureice s low-loss for radio:
2800 m elevation Near sea level = -
Surface Temperature Y;/gn:grjgr/gr \&/‘,Vtirr]ft:(Eewtigfnp()nj)yEg) fle I d atte n u at I o n I e n g t h S ~1 km
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ANITA - ANtarctic
npulsive Transient Anten

ott 6 72 Summer Institute 2019



NN

ANITA-I

® ANtarctic Impulsive Transient Antenna

® NASA ultralong duration balloon experiment

® Seeking radio signals from earth-skimming UHE neutrinos |
ANITA-I

® To this date, 4 flights

ANITA-Lite "~ ANITA-I T ANITA-II ANITA-III ANITA-IV

2003-2004 2006-2007 2008-2009 2014-2015 2016
18 days, 2 35 days, 32 30 days, 40 22 days, 48 29 days, 48
antennas antennas antennas antennas antennas
Piggy-back on Powiilégbz::ént Multi-band, Full-band HPol Full-band,
TIGER i VPol trigger | + VPol trigger | Lin-Pol trigger
trigger
Recently Analysis
Analyzed Analyzed Analyzed analyzed Shasih
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. - = [T Auger 2017
o ANITA (4 flights) o E lceCube 2018
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. M. G. Aartsen et al., PRL117, 241101 (2016);
® Favorable evolution A. Aab et al., Phys. Rev. D91, 092008 (2015);

P. W. Gorham et al., Phys. Rev. D85, 049901 (2012)
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Romero-Wolf et al Phys.Rev.
D99 (2019) no.6, 063011
(arX1v:1811.07261)

ANITA-1 #3985267, EL=-27"

ANITA Anomalous Events

ANITTA-III #15717147, EL=-35

" ANITA-I event reported in P. Gorham et al. [ANITA E 06 1 v
¥ Collaboration], Phys. Rev. Lett. 117, 071101 (2016). = Hpol
§ ANITA-IIl event reported in P. Gorham et al. [ANITA : 5 0.4 05 n Vpol| |
1 Collaboration], Phys. Rev. Lett. 121, 161102 (2018). g '
v
2 oMy {m A
ANITA-IIIl event ; 0
% i 2.02 0 |
g ;8
g H £ -0.4 1 N *
30 40 50 60 0 20 40
Time(ns)
200 250 300 350
P ANITA-I: Event 3,985,267| ANITA-III: Event 15,717,147
Payload Elevation Angle -27.4° £0.3° -35.0° £0.3°
Payload Azimuth Angle 159.6° +0.7° 61.4° +0.7°
Payload Altitude 35.029 km 35.861 km
Ice Thickness 3.53 km 3.22 km
Magnetic Field Strength at O-km 49.9892 uT 60.0783 uT
Magnetic Field 1 -68.24265° -77.4927°
Magnetic Field D -38.5059° -155.6842°
Peak Hpol Electric Field Strength 0.77 mV/m 1.1 mV/m
Air shower energy 0.6 £0.4 EeV 06103 EeV

- Two anomalous events observed
- Mostly H-pol
- Consistent with UHECR signature but clearly up-going (emerging from ice)
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Romero-Wolf et al Phys.Rev. D99 (2019) no.6, 063011 (arXiv:1811.07261

lous Events

Fox et al (2019) TABLE I. Properties of the ANITA Anomalous Events
Property - AAE 061228 L AAE 141220 :
Flight & Event i ANITA-T #3985267 I ANITA-IIT #15717147 i
Date & Time (UTC) i 2006-12-28 00:33:20 I 2014-12-20 08:33:22.5 i
Equatorial coordinates (J2000) ! R.A. 282°14064, Dec. +20°33043"  R.A. 50°78203, Dec. +38°65498
Energy ce: . 0.6 + 0.4EeV :: 0.56+0:30 EeV ;
Zenith angle z’/z - 117°4 / 116°8 + 0°3 I 125°0 / 124°5 + 0°3 I
Earth chord length ¢ : 5740 + 60 km 1 7210 + 55km d
Mean interaction length for £, = 1 EeV 0 290 km b 265 km 1
psm(er > 0.1EeV) for &, = 1EeV ' 4.4 %1077 " 3.2x107°® '
psm(z > zobs) for &, = 1EeV, &; > 0.1EeV : 6.7 x 10°° :: 3.8 x 10°° :
nr(1-10PeV) : n;(10-100PeV) : n(> 0.1EeV) 34:35:1 B 270 : 120 : 1 0
® Emerged from the Earth at ~27 degreeS '§:0; :Al“scev‘: K. Murase LHC-Results Forum 2019
below the horizon 2333 ~~~~~~~~~ _....‘:.':ji.':.‘;i'.i‘.'.f_f_'.'.'.'.liﬁ'"a...._,..‘..‘__,_104Gev ow~107°2cm2 @ EeV
e Earth chord length 5740 km (~15 interaction Lt BN\ GV - Peat™5.5gcm-3
lengths for incoming EeV neutrino) f% _crczzslgggill~17300km
e Emerged from the Earth at ~35 degrees R ICECECEC R

0.8

V¢ ™ : -
zwt T regeneration
shower 0.2

below the horizon
e Earth chord length 7210 km (~27 interaction

lengths for incoming EeV neutrino) B\ AN Ach--ofchaosofv}
////‘ /x\ /’_g__\ \,\ A\ ’r, 72% Loss and
[/ / W O\ \ v i Deca
“, ‘/ N \ \ \\ 28% '

" KZ, oo NuTauSim
shower 0.3 Alvarez-Muniz+ 08
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New Physics Implications

Standard model explanation can be excluded (if we consider the ANITA signals as real)

Inconsistency with energy and zenith angle of events
Inconsistency with observed astrophysical neutrino flux by IceCube

® SUSY (Long-lived particles) - NLSP stau / NLSP bino / CHAMPS / Connolly et al
sphaleron configurations / < socsy arXiv:1807.08892
® Long-lived stau (Fox et al 2018, Collins et al 2018,
Anchordoqui & Antoniadis 2018, ... Albuquerque 2004/2007)
® |[eptoquarks
® Chauhan & Mohanty 2018
® Dark matter related models
® Heurtier et al 2019,Anchordoqui et al. 2018
® Sterile neutrinos
® Cherry & Shoemaker 2018, Huang 2018
Unexpected backgrounds ?
Figure 2: Sketch of the signature being considered here. Although
® Double reflection b)’ CI"GV&SSGS? the figure shows one stau being produced in the vN interaction,
a stau‘ pair could be produced instead, doubling the probability of
e Anthropogenic backgrounds detection.
® Coherent transition radiation (de Vries & Prohira 201 9) lceCube data appears
iInconsistent with th vent
® Other unknown backgrounds ? consiee ese evens
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Romero-Wolf et al Phys.Rev. D99 (2019) no.6, 063011

(arXiv:1811.07261) L@D ﬂ_(j mm ANES
Romero-Wolf et al. (2018) Safa et al. PoS(ICRC2019)995
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< S 1014 5 i : ++
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= Mean ANITA-LIIl ve Air Shower 13 | .', AN mem=  mid. g, ALLM, 2 km 1072F g 7
104 m= = Mean ANITA LIl v; Askaryan 10*° 4 /f; / - A:gl\{vr " ﬁ\lﬂl.‘% km
== == Auger v, ICRC 2017 eF - LN v, Askaryan
=== IceCube v, PRL 2016 ] / === Auger v, ICRC 2017
103 ! ' 1 | 12 4 I - = |ceCube v, PRL 2016 10—4 4. ......|r. .......|6. .......|7. ......18. .......19.
1017 1018 1019 1020 1021 10+ +¥—mr—""—"——r———— 10 10° 10 10 10 10
10 10 102 10% E, (GeV)
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Tau Neutrino Energy (eV)

e Many more events in lceCube & Auger data expected for E<10195 eV ... but not reported

e Any flux from the direction of the ANITA events should be accompanied by secondary tau-
neutrinos detectable at IceCube

e Maximum allowed secondary flux at lceCube at 106 inconsistent with ANITA event

e (Kistler & Laha PRL 120 (2018) no.24, 241105 - very high-energy tau tracks)

lceCube data inconsistent with the anomalous ANITA events
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