


Outline

Why Is this talk relevant to GLAST?

« Milagro detects air-shower particles at ground level

« Milagro is a wide field of view Gamma-ray telescope
which operates in scanning mode

Ground-arrays as gamma-ray telescopes
(technique)

Some selected results
Future directions? (if there is time)
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Detectors iIn Gamma-Ray Astrophysics

ACTs-High Sensitivity
HESS, MAGIC, CANGAROO, VERITAS
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Ground Arrays -Large
Aperture/High Duty Cycle
, VHE proton Milagro, Tibet, ARGO, HAWC?

Moderate Area/Large Area (HAWC)

Large Effective Area

Excellent Background Rejection (>99%)
Low Duty Cycle/Small Aperture

High Resolution Energy Spectra
Studies of known sources

Surveys of limited regions of sky

Good Background Rejection
Large Duty Cycle/Large Aperture

Unbiased Sky Survey
Extended sources
Transients (GRB’s)

Solar physics/space weather
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Extensive Air Showers at Ground-Level

Most particles which reach ground-
level are gamma-rays (outnumbering
electrons by 5-10/1).

Median energy of these gamma-rays
is ~10 MeV.

Hadron induced showers contain 5-20
times more energy in muons and
hadrons, distributed over a wide
lateral distribution.

Number of EM particles reaching
ground-level decreases rapidly with
decreasing altitude.
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The Milagro Pond

Shower front arrives at milagro as
a ~plane of relativistic particles.

Water as the detection medium.

Cheap

Secondary gammas produce
relativistic electrons/positrons: no
need for converter.

Cherenkov angle in water is 41
degrees => sparsely instrumented
pond has high detection
efficiency.

Over 50% of particles incident on
the pond are detected.

2600m asl

. Shower front

80m

6 million gallon pond instrumented
with two layers of PMTs. A top
layer of 450 PMTs at 1.5 m and
273 PMTs at 6 m depth.
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Inside the pond

>,

e s

.\“)?,-‘
o gy

Julie McEnery
GLAST Science Lunch



Top Laye

Trigger

Angular reconstruction

A

Fit arrival time at the plane of PMTs to reconstruct the shower direction and time.

Angular resolution is ~0.5 degrees. (however there are systematic effects related
to core location)
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Curvature Correction

e Shower front iIs curved.

« To correct for this we SlomelCltbotune
need to determine the
location of the shower
core. |

« Without knowledge of
the core location this
limits the angular
resolution (and
sensitivity) particularly
at high energies.

Angle ~ 1°-1.5°
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Milagro Outriggers

« Array of 175 water tanks.
Primary purpose is to locate
the shower core.
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The Milagro Observatory
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Qutrigger: 4000
liter tank with a
single 8" PMT
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Bottom Layer

e Background rejection
« Measurement of energy

e Deep enough that
contribution from

electromagnetic _
component is smooth, 7
muons/hadrons are C
sharply peaked. e
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Background Rejection in Milagro

o e | [Py 10 °F = "

cC REanEe '_.‘z:;:::: o] il E

O i e i

| ERREERIIIGIE | [ Gliiiasiuemss

O Il it | | kst L

S Siso die

o TR 10 2F

A | Ve iy Hrm 0 L

£ -

E el || | fernai

®

) I F
_]H

C __ NBottom(>2Pes)
" PEju (Bottom)

Retain 50% y and 9% protons
(c.f. 48.9% g and 2.4% protons for HESYS)
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Energy Response

-]

10 160 — —

2]

140

-
(=]

-
o.h
I\IHHI‘ IIIIIITI] I\IHIIIl T T 1T

120

etfective area n?

w

100

-
(=]

80

-
(=]
(]

10 60 I
40 i

20

4 4.5 5 r
log10(Energy) GeV 0 A n o nnad i n o nninnd
4
Simu]!lged Event Energy (GeV)

The effective area increases as ~E?, flattening at high energies. Energy
response is broad and not sharply peaked, it is not obvious how to define a

threshold.
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Field of view

* Energy threshold

y (GeV)

increases and sensitivity Foo

decreases with zenith
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Operations

‘Probability Distribution (1.000000 sec duration)

1500 - 2000 Hz Trigger rate, 5

Mb/s data rate. mg

Remote operation. 10
Calibrate and reconstruct the data b4

107}

online.
Archive reconstructed events and

10°E

a subset of the raw data. “’;
10 - i
~ Real time search for GRB on :

10°F

timescales of 1 ms to 2 hours.
Produce and alert within few

10°}

10 |

seconds of burst start. L | |

AGN flare search on timescales 20 A8 ST
from 2 hours to 1 month.
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Moon Shadow

The moon is opague to cosmic-rays
and thus causes a deficit in cosmic-
ray flux as observed on Earth.

The cosmic-rays are deflected by the
Earths magnetic field so the shadow
IS shifted from the moon position.

The magnitude of this shift is
determined by the energy of the
cosmic-rays. This can be used to
verify our absolute energy scale.
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Moon Shadow Iin Milagro

The shadow of the moon as
observed by Milagro. The
events have been rotated
such that the x-axis is along
the direction of magnetic
deflection.

From the offset in the moon
shadow we determine the
median energy of proton
triggers in Milagro to be
640+£70 GeV, in agreement
with MC simulations which
predict a median energy of
690 GeV.

0 2 4
Deflection Axis (Degrees)
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e Consistent with

o EXxcess of 10 events/day

(15,000 In total)

Crab Nebula
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Sky Survey
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GALACTIC LATITUDE(deg)

Galactic Plane

360 300 240 180 120 60 0
GALACTIC LONGITUDE(deq)

Milagro data 5x5 degree bins

Significance
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Demonstrates the strength of
EAS in finding diffuse and
extended sources

— Due to good “inherent”
background rejection

— Angular resolution unimportant
— Large observation time
— Large field of view

Milagro flux measurement is
~1/10 of previous upper limits
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Declination (deg)
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Extended Sources
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<+ Tibet hotspot

% Milagro point source hotspot

Search northern sky for large
sources

~6 degree source in Cygnus arm
of Galaxy

— EGRET observed as brightest
region in Northern hemisphere

6.7 sigma excess

Prob. of seeing an excess of this
magnitude at any position in the
sky and in any of the spatial
scales considered in the search is
1 e-5 (determined by MC).

Emission extends to 10 TeV and
the flux is ~1.5 crab.
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Cygnus Region and the HEGRA OB2
detection. Cyg OB field

Cyg OB2 Field: HEGRA CT-System

| Gaussian Weighted Excess: Cygnus Region |

Dec (J2000) [ deX ]
R
= =] [ -

2 205 2048 2046
RA (72000) [ hrs ]

HEGRA bin size ~1000x
Milagro bin size (.2x.2 vs 6x6).

Milagro observation should
appear as a ~2mCrab floor
shift.
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Sensmwty to Transients

| Flux Sensitivity of Gamma-Ray Telescopes
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» For observations of rapid, transient events field of
VIEW IS more important than sensitivity.
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GRB 970417

65

Evidence for TeV emission
from a GRB was seen by 625
Milagrito (a smaller prototype
of Milagro). The excess was
coincident in space and time 57.5
with the prompt emission seen

by BATSE.

DEC (d

60

55

525
Implies that the emission

extended up to at least 650 S0

GeV, the highest energy 475

photons ever observed from a

GRB » 280 285 200 205 300 305 310 315

RA (deg)

18 events observed with an expected background of 3.46 -> Poisson prob 2.9e-8
Prob after correcting for size of search region is 2.8e-5.

Chance prob of seeing such an excess from any of the 54 GRB in Milagrito is
54*2.8e-5 = 1.5e-3
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X7-Class flare Jan. 20, 2005
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= GOES proton data
— >10 MeV
— >50 MeV
— >100 MeV

= Milagro scaler data
— > 10 GeV protons
— ~1 min rise-time
— ~5 min duration

Julie McEnery

GLAST Science Lunch



Conclusions

EAS Arrays have achieved sufficient sensitivity to detect the
brightest TeV sources

At the level of 0.5 Crab there are only 2 known sources in the
northern hemisphere

EAS arrays excel at detecting extended sources

— Diffuse y-ray emission from the Galactic plane

— Large source in Cygnus region

— Possible source coincident with EGRET unidentified object

Solar physics results to study particle acceleration in well known
environment

Still no solid evidence of VHE emission from GRBSs

We are still understanding the performance of EAS arrays
— large improvements seem feasible.
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[ Significance Map: 1 Year of HAWC {latituse = -35d) |

The Diffuse Galactic Plane in
miNIHAWC and HAWC

[ Neutral H map |
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Use Neutral H map to trace out VHE
Gamma-Ray flux. Normalize to Milagro
observed TeV diffuse Galactic plane.

Dt {deg
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Farther Future:HAWC

= Build pond at extreme altitude (Tibet 4300m or Chile 5200m)

» |ncorporate new design
— Optical isolation between PMTs
— Larger PMT spacing
— Deeper PMT depth (in top layer)
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300 meters

~$20M for complete detector

14 meters

~60x sensitivity of Milagro — instantaneous sensitivity of Whipple over 2 sr

Crab Nebula in 30 minutes (now 1 year)
GRBs to redshift of >1 (now 0.4)
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Effective Areas: Future Detectors
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Survey Sensitivity
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Declination

HAWC: Simulated Sky Map

= C&G AGN
= Hartmann IR model
= known TeV sources

= Milagro extended
sources

= 1-year observation

50 100 150 200 250 300 350
Right Ascension
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