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- Multi-messenger astronomy
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VERITAS Overview

»

VEKITAS

Very Energetic Radiation Imaging
Location: Fred L Wh|pple Observatory (near Tucson .

- Firstlight in 2004

- Array of 4 Davis-Cotton Imaging Air Cherenkov
Telescopes.
- Energy range: ~ 80 GeV - 30 TeV

- Effective area: ~ 105 mQ

- QObserving time: ~ 750 hr (dark) + 200 hr (moonlight)

 0.1° angular resolution > 1 TeV
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Alert algorithm (see Thomas’ presentation):

Search for rate increase in neutrinos around a source in a
predefined list.

Set alert threshold based on desired false trigger rate.

Send alert if time clustering search crosses threshold.

Maximum flare duration is 21 days.

arxiv/1309.6979 VERITAS
Source list

g gy« 21 2FGL variable nearby sources (18 BL Lacs, 3
%10.1f : PRELIMINARY 4 FSRQs) with hard spectra.
§ 102 | - Combined MAGIC+VERITAS list ~ 109 sources.
g . VERITAS looks at ~ 70 sources.
<V _ :

10 MAGIC threshold 1 Alert thresholds

10° | VERMAS threshold 4 MAGIC: 3.20, 0.1 alerts / (source x year)

N S DT VERITAS: 3.60, 1 alert / year

3 3.5 - 4.5 5 5.5

Alert threshold [o]
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Declination [degrees]

llll

Event 1 lceCube alert (Nov 9th, 2012)

Source location _ _
*Source location not yet unblinded

6 neutrinos detected in 4.169 days
-log10(p-value) ~ 4.6 (pre-trial).

x 100 worse after accounting for event
uncert.

Position reported to VERITAS on 11/9/12.
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RA [degrees]

VERITAS observations
~2 hours of data taken on Nov 12th, 13, 14th (due to bright Moon light conditions)

No gamma-ray emission found.
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lceCube neutrino point-source searches O

ICECUBE PRELIMINARY T

Galactic

TS=2log(L/LO)

Contained (C) sample: 54 neutrino candidate events

in 4 years.

- 39 cascades, ~15° ang. resolution (CC ver + NC Veur)

- 13 tracks, ~1° ang. resolution (CC v,)

- 2 events are likely background events.

Previous point-source searches (using muon tracks) have set
ULs at a flux level that is x10-100 lower than the all-sky

astrophysical flux.
Large number of weak sources? transients?
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Gamma-ray searches for neutrino sources @ .
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lceCube flux (I'~2.3) from arxiv/1405.5303
converted 1:1 to gammas

Franceschini et al. EBL
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Energy threshold E, (GeV)

Gamma-ray telescopes can be used to search for the hadronic gamma-ray counterpart.

Fermi (GeV) and IACTs like VERITAS (TeV) can set limits on fluxes that are x1000-10000 lower than
the all-sky IceCube flux.

Sensitivity is a function of redshift for VHE searches.

No significant correlation between contained tracks and Fermi sources (arxiv/1505.00935)
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Gamma-ray searches for neutrino sources @
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Sensitivity is a function of redshift for VHE searches.
No significant correlation between contained tracks and Fermi sources (arxiv/1505.00935)
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Gamma-ray FoVs and lceCube events

@@
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Gamma-ray FoV;s

VERITAS
MAGIC

SCT camera (CTA)

arxiv/1509.02345
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Gamma-ray FoVs and IceCube events 4

P8R2_SOURCE._V6 acc. weighted PSF see Anna’s presentation
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- Fermi-LAT has large field of view and high duty cycle.
- >2 srinstantaneous FoV. Entire sky covered in 3 hours.

- Angular resolution comparable to cascades > 100 MeV
and muon tracks > 1 GeV.

- Large number of sources. Chance correlations ~ 37%
for tracks. Worse for cascades.
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Muon positions to observe with VERITAS @ ‘a'

Contained events (C) Uncontained events (UC)

arxiv/1405.5303 arxiv/1507.04005

' Experimentaldata e

% Sum of predictions
3 ® y Astrophysical s
10 ° Prompt atmospheric
® e Conventional atmospheric m—

-2 II L L L Ll Ll II L L L 118 III L Ll L1l
10 L Ll 1 11 18
10° 10* 10° 10°
Muon Energy Proxy (arb. units)

Uncontained muon events.

Event positions from a 2-year sample of HE
Three HE contained-vertex muons in the northern-sky muon neutrino candidates.

Relatively high astrophysical purity (ignoring

Positions are publicly available.
P y atmospheric & astrophysical flux uncertainties)

Angular uncertainty < 1.2° for muons. - Event positions not yet published. Shared
through lceCube-VERITAS MoU.

Typical angular uncertainty < 1°.
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VERITAS observations of contained muons @

VEKITAS
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99% UL: 2.3% Crab flux 99% UL: 1.1% Crab flux 99% UL: 2.0% Crab flux

Wobble 0.5°-0.7° Wobble 0.5° - 0.7°

: . 10° y 10°
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Significance [o] Significance [o]

Wobble 0.5°-0.7°

-6 -4 -2 0 2 4 6
Significance [o]

- No significant gamma-ray emission detected above 100 GeV.

- Most significant hotspot is in the C37 field. Significance: 2.00 (4.30 pre-
trials).
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| AT observations of contained muons 4

Pass 8 analysis with 1 GeV < E < 300 GeV for At = = 7 days wrt time of the event.
No significant cluster of photons at the position of the neutrino (sqrt(TS) < 1)
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Observations of through-going muons @ ’

*ULs with no trials corrections.

ID | Obs. time UL (99%) UL (99%)

[min| [x10712 em™2 s71] [C.U/]

Cb5 180 8.3 2.3%

C13 574 4.0 1.1%
C37 275 7.3 2.0%
UC2 25 21.2 5.8%
UC3 180 6.3 1.7%
UC4 122 9.9 2.7%
UCh 90 6.7 1.8%
UCe6 25 9.5 2.6%
ucCT 15 39.6 10.9%
UCS 60 9.3 2.6%
UucC9 40 15.2 4.2%
UucC10 90 9.4 2.6%
UCl11 209 4.4 1.2%
UCi12 25 9.5 2.6%
UC15 90 7.4 2.0%
UC16 40 8.6 2.4%
UC17 150 4.4 1.2%
UC19 210 3.9 1.1%
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Energy threshold E, (GeV)

Most 99% CL upper limits for through-going muons are at the 1-5% Crab nebula flux above 100 GeV.

For the LAT, ULs on uncontained muons are in the ~(1012- 101) TeV cm™ s™! above 1 GeV.

Given the current limits and an neutrino spectral index of 2.3 this would rule out steady sources with a
gamma-ray flux that is 1/1000 of the all-sky neutrino flux if they are at z < 0.2.
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FPeV muon neutrino event

VEKITAS
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Gamma-ray data on PeV muon
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Energy range: 100 MeV to 300 GeV
Time range: 2008-08-04 to 2015-06-17.

No sources 3FGL within 3° all remaining sources
assumed to have constant flux at the level of the 3FGL
catalog. One TeVCat source ~ 8° away.

No new source found to be contained in the error circle of
the neutrino

Planned observations with VERITAS
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Observing delay [sec]

Status of AMON-VERITAS communication @ 3.

AMON currently sending alerts to VERITAS.

Plan to receive ~ 10 neutrino alerts per year with muon neutrinos > 100 TeV. Visibility
constraints reduce the number of alerts we can follow up to ~ 2-3.

Follow-up system based on exising GRB follow-up infrastructure. Start implementation in late

December/January. First tests of the full system in 2016. Median delay time ~ 300 s based on
GRB follow-ups.

Observational delay for GRBs Max elevation at VERITAS
10°
Northern sky
10°
‘e Southern sky
10°
10° . ' o Equatorial coordinates
200 300 400 500 600 700 80 o — ‘ T
Days since 01-01-2012 30 45 60 75 90

Maximum elevation [deg]
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Conclusions and future plans

0%
\M\//
Summary

~40 hours of VERITAS data on IceCube HE neutrino positions.

No significant detection of VHE gamma-ray emission associated at
the neutrino positions. 99% flux ULs above 100 GeV at a few percent
of the Crab nebula flux.

Preliminary Fermi-LAT results on HE uncontained muons.

Next steps

Continue observations of HE muon events which are likely
astrophysical.

Preparing to receive real-time alerts from lceCube to increase the
sensitivity to transient sources.
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Angular resolution and opening angles
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Credit: A. Heijboer and Chad Finley (adapted)
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VERITAS coverage
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