
























































































































































































































































































Effective Areas



 Spectral Energy 
Distribution

Energy (keV)

E
2 dN

/d
E

 (
er

g/
cm

2 )

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

1 10 10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11



Implied Fluence

Upper Cutoff Energy (TeV)

F
lu

en
ce

 a
bo

ve
 5

0 
G

eV
 (

er
gs

/c
m2 )

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1 10 10
2



Limits from Scalers



























































































































































































































































Milagro & Transient Notification

• Not just good idea, SAGENAP insists

• Need to practice by notifying collaboration

• New computers at site allow several analysis
to run in real time

• Need Automatically Updated Web pages with

- Untrig burst search in ___ time intervals
(Plots of # vs P, Table with α, δ, t of best few)

- All Sky Maps for 1 day, 4 day, 2 weeks, 2
months,...

- Moon Shadow for recent data



X-ray Afterglows from TeV GRBs

Gamma-ray bursts have been a mystery since their discovery in the early 1970's. In the last 10
years great progress has been made in furthering our understanding of GRBs. Much of this recent
progress is due to the the observation of x-ray afterglows of GRBs by the BeppoSax satellite. This
has allowed follow-up observations at other wavelengths, which have been crucial in determining
the distance to GRBs and measuring the properties of the expanding �reball.

Here we propose to use GRBs observed in the TeV energy band with the Milagro detector
to trigger up to 3 ToOs for RXTE. Milagro can localize the position of burst to better than 0.5
degrees and may see a few GRBs/year. Observation of x-ray afterglows would be con�rmation of
the Milagro identi�cation. RXTE would also be able to localize the GRB to a few arcmin, allowing
further observations in the optical and radio bands. These follow-up observations { the x-ray 
ux
and decay as well the longer wavelength measurements { are critical in determining the true nature
of these \TeV selected" GRBs.

Milagro: A TeV Observatory for GRBs

Milagro is a new type of TeV gamma-ray observatory. Most TeV observatories detect the
Cherenkov light created by the shower of particles in the atmosphere, but this technique is not
well suited to detecting rapid transients due to the �eld of view of a few square degrees and
the requirement for dark, moonless night time observing. A large �eld of view and continuous
observation are possible if the particles in the shower that reach the ground are detected. However,
in the past this technique has had too high an energy threshold to detect TeV gamma-rays. Milagro,
a large covered pond of water �lled with photomultiplier tubes and located at high altitude, is an
air shower detector with a threshold below a TeV. The water Cherenkov technology provides a
dense sampling of the particles (electrons, positrons, and gammas) in the air shower. Milagro has
a large �eld-of-view (� 2 sr) and a high duty factor (> 90%). For each air shower the direction of
the primary particle or gamma ray is determined to � 0:8 degrees. In addition, Milagro measures
the penetrating component of hadron induced air showers, and that information is used to reduce
the large background of cosmic ray events.
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Figure 1: The probability that the observed excess at
the candidate TeV position was a background 
uctu-
ation, for each of the 54 bursts. The curve indicates
the expected distribution of the background. The
entry at -4.5 corresponds to GRB 970417a.

The combination of high duty factor
and large �eld-of-view make Milagro ideally
suited to search for transient phenomena
such as GRBs. In fact a prototype detec-
tor, Milagrito, observed evidence for a TeV
counterpart to a BATSE GRB [1]. Evidence
for TeV emission from GRB 970417a was
obtained in a search for TeV emission from
the 54 BATSE triggered GRBs within Mi-
lagrito's �eld-of-view during its 15 months
of operation. Figure 1 shows the probability
of the Milagrito observation being due to a
background 
uctuation for these 54 BATSE
bursts. GRB 970417a, showed a large (4.2
�) excess above background (the entry with
small probability in the �gure). The distri-
bution of probabilities for the remaining 53
GRBs is in agreement with that expected
from a sample drawn from background (in-
dicated by the solid curve).

If the observed excess of events in Mi-
lagrito was indeed associated with GRB
970417a, then it represents the highest en-
ergy photons ever detected from a GRB.
The energies of these photons must have ex-

tended up to at least 700 GeV. The TeV 
uence implied by this observation depends on the energy
spectrum and upper energy cuto� of the emission, both of which were diÆcult to determine from
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Milagrito data. However, regardless of the spectral shape, the luminosity of this burst at TeV
energies must have been brighter than that at sub-MeV energies.

Milagro has improved sensitivity over Milagrito. First, the energy threshold is reduced (yielding
a trigger rate � 5 times greater than that in Milagrito) which allows one to view a larger volume
of space. Second, the imaging capabilities of the bottom layer of PMTs allows us to determine the
nature (gamma ray or hadronic particle) of the primary particles. This improved sensitivity will
allow Milagro to search for GRBs of similar TeV 
ux to GRB970417a even without trigger from
BATSE. While a few bursts identi�ed by satellites will still be in Milagro's �eld of view, we will
rely solely on the Milagro data to identify \untriggered" potential GRBs.
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Figure 2: A search of all directions and 10 sec time
intervals for the �rst 6 months of Milagro data.

A preliminary search for GRBs in the
�rst 6 months of Milagro data has been per-
formed. In this search 27 durations were
searched from 250�s to 40s. Figure 2 is a
plot of the probability distribution for the
search for GRBs with a 10s duration. The
plot shows no evidence of a burst signal. If a
GRB identical to 970417a was observed by
Milagro 90 events would be detected over
an expected background of 17.5 or yielding
a probability of 1:5x10�34. Such a signal is
clearly distinguishable from the background
even in the absence of a coincidence with
the BATSE detector or another experiment.
Additionally, Milagro will be able to dis-
tinguish gamma and proton induced show-
ers by both muon identi�cation and pat-
tern recognition, further reducing the back-
ground (and producing a positive identi�-
cation of the primary particle) with only a
minimal reduction in the signal.

While such a detection would be sta-
tistically signi�cant, since it would be the
�rst ever \TeV selected" GRB one will not
know how or if it is related to other GRBs.
An XTE ToO will help solve this problem.

More than 90% of all GRBs have x-ray afterglows, and XTE is sensitive enough to observe them if
the observation begins within a few hours [2]. Observing such an afterglow would give con�dence
that the Milagro detection was truly a GRB, and would also allow this GRB to placed in the
context of other GRBs with measured x-ray afterglows. Also, with an RXTE scan around the
Milagro position, a better position can be determined so that optical and radio observations can
be performed.

The exact number of GRBs Milagro will detect is diÆcult to determine. EGRET has detected
GRBs up to 20 GeV [3] and many GRB models predict emission of TeV gamma rays from the
source. However, absorption of TeV photons via interactions with the intergalactic infrared radia-
tion (IGIR) �eld will limit the distance at which a GRB will be visible to a TeV telescope. While
the spectrum of the IGIR has not been measured, current models [4, 5], predict that the gamma-ray
horizon of Milagro is at z� 0:2. Using the distance distribution to GRBs of Schmidt [6] one would
expect to observe 0.3 GRBs/year in Milagro. Using the distance distribution given by Dermer
[7] one expects to observe roughly 10 times more GRBs in Milagro. This assumes that Milagro is
sensitive enough to detect the TeV emission. Milagro's sensitivity is nearly the same as BATSE's
in units of ergs=cm2. If the spectral energy distribution is 
at, Milagro will be able to detect
essentially all of the nearby GRBs that BATSE would have detected. These nearby GRBs are an
interesting subset of GRBs{for example, evidence of supernova charactistics should be observable
in the optical light curve.
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Technical Feasability

The raw data from the Milagro detector consists of the measurements of the relative arrival
times and pulse heights in each of the 723 PMTs. This data is processed in real time on a 10-CPU
SGI Power Challenge. An event is processed within roughly 0.1 seconds after it triggers the pond.
The direction of the event is determined to � 0.8 degree accuracy. The reconstructed information is
written to disk for later analysis. This detector has been operational since January 2000 recording
data at over 1000 air showers each second. The Milagro collaboration is currently constructing a
farm of computers to perform the physics analysis to seach for sources in real-time. The algorithms
described below have been tested on archival data and are fast and robust enough to allow Milagro
to generate alerts when an interesting phenomenon is observed.

Since the response of the detector depends only on local coordinates (zenith angle and azimuth,
or hour angle and declination), one can form an eÆciency map for the detector in local coordinates.
This map is then integrated over the source transit (using the actual event times as the integration
grid) to arrive at an expected number of background events for each bin in the sky. This technique
ensures that any global 
uctuations in the event rate of the detector (due to changing atmospheric
conditions) are properly accounted for. In practice the map of the detector eÆciency is made
using 2 hours of data taken just prior to the interval in question. This ensures that the statistical
uncertainty in the background estimate is negligibly small and that any systematic e�ects due to
a changing instrument response over time are minimized.

We have developed eÆcient algorithms that will enable us to simultaneously search the entire
sky over 10 timescales (covering 1 second to 128 seconds) with the planned computer cluster. This
cluster will be operational by February 2001. Given the number of searches performed the chance
probability of an observation will be set below � 10�14 to ensure that the false alarm rate will
be below 0.1/year. Milagro will also search for TeV emission from satellite-detected GRBs, which
due to the known direction and time interval have a higher probability threshold to prevent false
detections. When a TeV GRB candidate is found an alert will be sent to the Milagro scientist who
is on shift and carries a pager. The scientist will ensure that the detector was operating properly
during the time period of interest, run an additional analysis to verify and localize the burst. The
burst coordinates will be sent to RXTE and the GCN, the email network used by all gamma-ray
burst multiwavelength observers, in < 1 hour of the GRB.

RXTE's observation will follow the procedure which has been developed to observe afterglow
from GRBs identi�ed by satellites, i.e. BATSE, SAX, HETE. Frank Marshall, a coinvestigator on
this project and an XTE scientist at GSFC, will insure that the appropriate commands are given
to the satellite as soon as possible. The Milagro localization of < 0.5 degrees (95% con�dence)
is suÆcient to point the satellite, but a scan of the position will be necessary to improve the
localization for optical and radio observers. RXTE has been able to make these observations
within 2-3 hours of a GRB noti�cation in the past and with the assistance of Frank Marshall
should be able to continue this procedure.

The x-ray 
ux measured by SAX for 6 GRBs is shown in Figure 3 [2]. Variations in 
ux by an
order of magnitude are observed and are not correlated with the gamma-ray intensity. However,
BATSE had a much larger direction error, and 3 bursts were detected by RXTE [8][9]. Based on
these measurements, an RXTE ToO will be requested if the observation is possible within 5 hours
of the GRB detection.

The afterglow of the x-ray 
ux is also interesting. The multiwavelength afterglow spectrum
has been used successfully to constrain the physics of expanding �reball[10]. Three subsequent
observations are requested. These should take place over the next few days because past GRB
observations show a rapid power law decay. The timing of these observations is less critical.
However, if no emission is detected in the �rst and second observation, the third and fourth will
not be requested.

The expected number of ToO requests is a few per year. Given that RXTE is only capable
of ToOs from 8am-midnight and that only one of the two antenna are operational, approximately
half the requests will not be able to be observed. Therefore, a maximum of 3 ToOs are proposed.
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Figure 3: X-ray 
ux decay of 6 GRBs as observed by BeppoSAX.[2]
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Proton Simulations

" 1.3 x 10^8 throws between 10 GeV 
and 100 TeV

" ~500 triggers above 65 tubes

" Includes layer of air between cover 
and water



Proton Simulations
" 1.5 x 10^7 throws between 50 GeV 

and 100 TeV

" ~500 triggers above 65 tubes

" No air between water and cover



Trigger Rate

NHIT ≥ 100

Zenith Angle dist. for 1s of MC data

ALLCHAN   403.9

NHIT ≥ 65

ALLCHAN   933.8

NHIT ≥ 50

ALLCHAN   1626.

NHIT ≥ 40

ALLCHAN   2668.

NHIT ≥ 30

ALLCHAN   5168.

NHIT ≥ 20

ALLCHAN  0.1176E+05
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Predicted trigger rate from protons for a 65 tube trigger
is 934 Hz.

For no air layer, this drops by a factor of 1.76
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The simulated showers with no layer of air, seem to
fit too well.



Gamma−Ray Simulations
" 2 x10^7 throws from 100 GeV to 

100 TeV

" ~7000 triggers >65 tubes
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Sensitivity vs. Declination
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Flux vs. Declination
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Sensitivity vs. Zenith Angle














































































































































	Agenda
	Kelin-All Sky
	Morgan-Moon
	Scott-AGN
	Isabelle-GRB970417a
	Joe-Burst Update
	Lazar-WIMPS
	Jim R-Solar Proposal
	Jordan-Budget
	Gus-Ops+Repair+AC
	Cy-Shifts,Safety,Training
	Bussy-Cal+Laser
	Erik-New Triggers
	Liz&David-Triggers
	Milagrito Paper List
	Julie-Scalers 
	Abe-6 Nov Solar
	Andy-Crab
	Gus-Gamma/Hadron
	Roman-Gamma/Hadron
	Wystan-Crab+AGN
	Dave-MuonCand
	Gus-Calibration
	Gaurang-Single Hadrons
	Frank-Computing LANL
	Brenda-XTE proposal
	Dave-Offline v.50
	Joe-DELCA
	Julie-Sims
	Frank-Milagro's Moon
	Rob-WACT
	Tony-Outriggers
	Abe-Milagro's Sun
	Matt-Milagro's GRBs
	Andy-Milagro's All Sky

