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1. Executive Summary

The Gamma-ray Large Area Space Telescope will provide a factor of 30 or more advance in
(GLAST) is an international space mission that wikensitivity, and capability for study of transient
study the cosmos in the energy range 10 keV-300 G@tienomena (Table 1-1). The GLAST Burst Monitor
the upper end of which is one of the last poorly observé@BM) will have a field of view several times larger
regions of the celestial electromagnetic spectrum to thein the LAT and will provide spectral coverage of
explored. Several successful exploratory missions gamma-ray bursts that extends from the lower limit of
gamma-ray astronomy led to the Energetic Gamma Réng LAT down to a few keV. The basic parameters of
Experiment Telescope (EGRET) instrument on thbe GBM are compared to those of the Burst and
Compton Gamma Ray Observatory (CGRO)Iransient Source Experiment (BATSE) instrument on
Launched in 1991, EGRET made the first completeGRO in Table 1-2. With the LAT and GBM, GLAST
survey of the sky in the 30 MeV-10 GeV rangewill be aflexible observatory for investigating the great
EGRET showed the high-energy gamma-ray sky to benge of astrophysical phenomena best studied in high-
surprisingly dynamic and diverse, with sources rangiranergy gamma rays. NASA plans to launch GLAST in
from the Sun and Moon to massive black holes at lartpde 2005.
redshifts. Most of the gamma-ray sources detected by The anticipated advances in astronomy and high-
EGRET remain unidentified. EGRET uncovered thenergy physics with GLAST are described briefly
tip of the iceberg, raising many questions, and it is llelow. They are among the central subjects of NASA's
the light of EGRET's results that the great potential @tructure and Evolution of the Universe (SEU) research
the next generation gamma-ray telescope can theme and the Department of Energy’s non-accelerator
appreciated. research program. The GLAST mission is also

GLAST will have an imaging gamma-ray telescopsupported by the physics and astrophysics programs in
vastly more capable than instruments flown previoushhe partner countries of France, Germany, Italy, Japan,
as well as a secondary instrument to augment the sty Sweden. NASA recognizes the scientific goals of
of gamma-ray bursts. The main instrument, the Largige GLAST mission as part of the SEU Cosmic
Area Telescope (LAT), will have superior area, anguldourneys planned for study of black holes and dark
resolution, field of view, and dead time that togethenatter. Of course, with its capabilities, GLAST

Table 1-1 GLAST LAT Specifications and Performance Compared with EGRET.

Quantity EGRET ™ mmL]uAn: Spec)
Energy Range 20MeV — 30GeV 20 MeV — 300 GeV
Peak Effective Area! 1500 cm? 8000 cm?
Field of View 05s >2 sr
Angular Resolution? 5.8° (100 MeV) <<(:)3 155 ((?SON(l;ee\\//))
Energy Resolution?® 10% 10%
Deadtime per Event 100 ms <100 ps

Sour ce Location

Deter mination* 15 <05

Point Source Sensitivity® ~1x 107 cm? st <6 x 10°% cm? st

1 After background rejection

2 Single photon, 68% containment, on-axis

3 1-0, on-axis

4 1-o radius, flux 10 cm? st (>100 MeV), highh|

5 >100 MeV, at highl|, for exposure of one-year all sky survey
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Table 1-2 GLAST GBM Specifications and Performace Compared with BATSE.

Quantity BATSE ™ ininC:Er,:]A Spec)
Energy Range 25keV — 10 MeV <10keV — >25 MeV
Field of View Amse Occi‘:'t ;‘ﬁ;‘;arth
Energy Resolution* <10% <15%
Deadtime per Event <15 s
Burst Sensitivity? 0.2cm?s?t <0.5cm?s?
GRB Alert Location® ~25° <15°
GRB Final Location® 1.7° <15°

! 1-0,0.1-1 MeV

2 50-300 keV

3 Calculated onboard, dradius, for a burst of brightness 10tst in
50-300 keV band and duration of 1 s

certainly may yield important unanticipated findingswill greatly decrease the minimum time scale for
The mission will be supported by a vigorousdetection of variability, and will offer near-real-time
multidisciplinary guest investigator program talerts for spacecraft and ground-based observatories

maximize the discovery potential. operating at other wavelengths. Using EGRET, AGN
S flares were measured to vary on the shortest time scales
The Scientific Case for GLAST — eight hours — that were able to be determined with

The universe is largely transparent to gamma ra%atlstlcal significance.

in the energy range of GLAST. Energetic sources n3hidentified Sources

the edge of the visible universe can be detected by the

light of their gamma rays. There is good reason to GLAST will enable identification of the EGRET
expect that GLAST will see known classes of sourcesurces for which no counterparts are known at other
to redshifts of 5, or even greater if the sources existedvelengths by providing much finer error boxes.
at earlier times. The small interaction cross section fivtore than 60% of the EGRET sources are unidentified.
gamma rays also means that gamma rays can providecasidering their distribution on the sky, less than one
direct view into nature’s highest-energy acceleratidhird of these are extragalactic (probably blazar AGNS),
processes. Gamma rays point back to their sourcedth the rest most likely within the Milky Way. Recent
unlike high-energy cosmic rays, which are deflectedork suggests that many of these unidentified sources

by magnetic fields. are associated with the nearby Gould Belt of star-
_ _ _ forming regions that surrounds the solar neighborhood.
Blazars and Active Galactic Nuclei Apparently-steady sources are likely to be radio-quiet

EGRET discovered that blazar-class active galacﬁ((lgl elasr?:ff(;r ?)g(rjioa:jgsail: ’sé;quﬁeSsTaﬁglagf diS\I/?] :8 ggeRclg'yl"s
nuclei (AGNs) are bright and variable sources of higff x limit. Transient sources within the Milky Way are

energy gamma rays. In fact, the bulk of the luminosi . ’
for many blazars is emitted in GLAST’s energy rang _oorly understood, and may represent interactions of
brhdividual pulsars or neutron star binaries with the

The emission is believed to be powered by accreti 1 ientinterstellar medium. Some of the unidentified
onto supermassive black holes at the cores of dist et ium. . uni m
RET sources may be associated with recently

galaxies. GLAST will increase the number of knowr. L .
AGN gamma-ray sources from about 70 to thousan liscovered Galactic microquasars. GLAST will be able
Moreover, it will effectively be an all-sky monitor for 0 explore these source classes in detall.

AGN flares, scanning the full sky every three hours. It
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New Particle Physics to slew autonomously toward bursts to monitor for

delayed emission with the LAT.
The large area and low instrumental background

of GLAST will also allow searches for decays of exoti®ulsars

particles in the early universe and for annihilations of o

postulated weakly-interacting massive particles CGLAST will discover many gamma-ray pulsars,
(WIMPs) in the halo of the Milky Way. Much of thePotentially 250 or more, and WI” prqwde_ definitive
isotropic background detected by EGRET wiill pspectral m_easurements that will dlstlngwsh betvv_een
resolved by GLAST into discrete AGN sources. Atrul{f’® WO primary models proposed to explain particle
diffuse, cosmic residual would be a tremendoRCCeleration and gamma-ray generation: the outer gap

discovery and could relate to particle decay in the eaf§}d Polar cap models. From observations made with
universe. Recent theoretical work suggests th@@mma ray experiments through the EGRET era, seven
annihilation emission from the lightest supersymmetr@@mma-ray pulsars are known. GLAST will be able to
particle, a candidate Galactic halo WIMP, could b@irectly search for periodicities in all EGRET
detectable with GLAST. The signature would pnidentified sources. Because the gamma-ray beams

spatially diffuse, narrow line emission peaked towaref Pulsars are apparently broader than their radio beams,
the Galactic center. many radio-quiet, Geminga-like pulsars likely remain

to be discovered.

Extragalactic Background Light . o
Cosmic Rays and Interstellar Emission

The sensitivity of GLAST at high energies will also _ _

permit study of the extragalactic background light by CGLAST will spatially resolve remnants and
measurement of the attenuation of AGN spectra at higffcisely measure their spectra, and may determine
energies. This attenuation is from pair production witffnether supermnova remnants are sources of cosmic-ray
photons in the background light primarily produced bjucléi- Cosmic rays produce the pervasive diffuse
young stars at visible to ultraviolet wavelengths. Owirg@mma-ray emission in the Milky Way via their

to the large size of the AGN catalog that GLAST Wm:qlllsmns with interstellar nuclei fsmd photc_)ns_. GLAST
amass, intrinsic spectra of AGNs will be distinguishablill @lso be able to detect the diffuse emission from a
from the effects of attenuation. The measurdd!mber of local group and starburst galaxies, and to

attenuation as a function of AGN redshift will relatén@p the emission within the largest of these for the
directly to the star formation history of the universe.first time. Spatial and spectral studies of the gamma-
ray emission will permit the distributions of cosmic-

Gamma-Ray Bursts ray protons and electrons to be measured separately

. _ _ and will test cosmic-ray production and diffusion
GLAST will continue the recent revolution ofihegries.

gamma-ray burst (GRB) understanding by measuring

spectra from keV to GeV energies and by trackingolar Flares

afterglows. With its high-energy response and very _ _ _ -
short deadtime, GLAST will offer unique capabiliies CLAST will have unique high-energy capability
for the high-energy study of bursts that will not pior s_tudy of solar flares. EGRET discovered thgt the
superseded by any planned mission. GLAST will mal@!n i & source of GeV gamma rays. GLAST will be
definitive measurements of the high-energy behavigP!e to determine where the acceleration takes_ place,
of bursts that EGRET could not. Time-resolved spect@d Whether protons are accelerated along with the
measurements with GLAST, combining data from LAfJIectrons. The large effective area and small deadtime
and GBM, will permit determination of the minimumOf GLAST will enable the required detailed studies of
Lorentz factors and baryon fractions for the emittingPectral evolution and localization of flares. GLAST
regions, and distinguish between internal and exterif4f! b€ the only mission observing high-energy photons
shocks as the mechanism for gamma-ray productidfpm solar flares during Cycle 24.

and may also permit gamma-ray-only distance

determinations. The LAT and the GBM will detect

more than 200 bursts per year and provide near-real-

time location information to other observatories for

afterglow searches. GLAST will have the capability
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Complementarity with Ground-Based Instrument Design

Gamma-Ray Telescopes _ .
The instruments on the GLAST mission are the

GLAST in orbit will complement the capabilitiesLarge Area Telescope (LAT, principal investigator Peter
of the next-generation atmospheric Cherenkov amichelson, Stanford University) and the GLAST Burst
shower gamma-ray telescopes that are planned, unili@nitor (GBM, principal investigator Charles Meegan,
construction, or beginning operation, such a¥SFC, co-PI Giselher Lichti, Max-Planck-Institut far
CANGAROO IIl, CELESTE, HESS, MAGIC, extraterrestrische Physik, Germany). The LAT will
MILAGRO, STACEE, and VERITAS. The ground-have three subsystems: a solid state detector (silicon
based telescopes detect the Cherenkov light $ifip) pair conversion tracker for gamma-ray detection
air-shower particles from cascading interactions of veand direction measurement, a Csl calorimeter for
high-energy gamma rays in the upper atmosphere. Thagasurement of the energies, and a plastic scintillator
have very large effective collecting areas &%), anticoincidence system to provide rejection of signals
but small fields of view (=%, with the exception of from the intense background of charged particles. The
MILAGRO) and limited duty cycles relative to GLAST.LAT will be modular, consisting of a 4 4 array of
The next-generation Cherenkov telescopes will haigentical towers, and will have more than 1 million
sensitivities extending down to 50 GeV and belowilicon-strip detector channels. The GBM will have
providing a broad useful range of overlap with GLASTwelve Nal scintillators and two BGO scintillators

Because of its unique capabilities and the grearounted on the sides of the spacecraft. The combined
increment in sensitivity it offers in a largely unexploredetectors will view the entire sky not occulted by the
region of the electromagnetic spectrum, GLAST draverth, with energy coverage from a few keV to 30 MeV,
the interest of several scientific communities. Theverlapping with the lower energy limit of the LAT
international high-energy astrophysics and high-energyd with the range of GRB detectors on previous
particle physics communities together have bednissions.
particularly active in developing the mission and the
necessary technologies.

2. Introduction

One of the last bands of the electromagneteffective area of about 50 érend greater background,
spectrum to be exploited for astronomy is the rangeving partly to an elliptical orbit that carried it out of
above 20 MeV. The principal reason for the late starte magnetosphere for most of the time, but it operated
was technological: for energies up to tens of Ge¥gr seven years. COS-B observations yielded a catalog
detectors must be placed in orbit, and even from orbit 25 gamma-ray point sources, including 3C 273, the
the detection of the low fluxes of celestial gamma rayisst known extragalactic source. (Some of the sources
is difficult. Almost as important is that the range ohave since been shown to be diffuse emission
sources and phenomena, which can be studied in highresolved by COS-B.) The Energetic Gamma Ray
energy gamma rays is much broader than had bderperiment Telescope (EGRET) instrument on NASAs
widely anticipated. Compton Gamma-Ray Observatory (CGRO), which

The high-energy gamma-ray sky has been studiegerated from 1991 April until 2000 May, had an
with only a few groundbreaking missioris. 1967, an effective area of approximately 1500%tvetter angular
instrument on NASA's OSO I, with an effective areaesolution, a broader energy range, and low instrumental
of approximately 4 cfy detected the Milky Way as abackground.
source of diffuse gamma-ray emission. SAS-2, EGRET made the first complete survey of the high-
launched by NASA in 1972, had an effective area ehergy gamma-ray sky (Fig. 2-1). The most recent
about 100 crhand very low instrumental backgroundcatalog of EGRET point sources has 271 entries. Seven
Although it operated for only six months, it was thgamma-ray pulsars have been detected in EGRET data,
first to detect the isotropic, apparently extragalactend EGRET observations have established blazars as a
gamma-ray emission. It also detected the Crab acldss of extragalactic gamma-ray emitters. The majority
Vela pulsars, and the then-unidentified Geminga pulsaf.the EGRET sources remains unidentified. Many of
COS-B, which was launched by ESA in 1975, had dhe sources are variable, like blazars, occasionally
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Figure 2-1 EGRET all-sky map in Galactic coordinates for energies greater than 100 MeV. The broad band
across the center of the image is diffuse emission from cosmic-ray interactions in the Milky Way. The brightest
sources close to the plane are gamma-ray pulsars. The bright sources away from the plane are active galactic
nuclei or not yet identified.

flaring on time scales of less than one day. A subsetd#fadtime. The GBM will extend the spectral coverage
the steady sources has recently been proposed tab&RBs down to a few keV, to overlap with the large
associated with nearby star-forming regions. EGRE3RB database of other missions, and will increase the
also detected high-energy gamma-ray emission frdnaction of the sky that can be monitored for bursts.
several gamma-ray bursts and from solar flares. Thables 1-1 and 1-2 compare the specifications of the
EGRET observations of the Magellanic Cloud&AT and GBM with EGRET and BATSE (the Burst
established that cosmic rays with energies below thad Transient Source Experiment on CGRO). GLAST
knee of the cosmic ray spectrum are galactic in origiis. planned for launch in 2005 (812).

The GLAST mission was conceived to address
important outstanding questions in high-energ
astrophysics, many of which are raised but not answe
by results from EGRET. The sections that follow detg
the scientific motivations for GLAST: the wide rangg
of effects from nonthermal processes that can best
studied in high-energy gamma rays, from solar flarg
to pulsars and cosmic rays in our Galaxy, to acti
galactic nuclei and gamma-ray bursts at high redshif
The potential of this energy range for science has o
begun to be developed.

This document also includes descriptions of t
main instrument on GLAST, the Large Area Telesco
(LAT), and a context instrument, the GLAST Burs|
Monitor (GBM), selected by NASA to augment th
study of gamma-ray bursts. The LAT is a pair
conversion telescope, like EGRET and its predecess Figure 2-2 An instrument/spacecraft concept for
(Fig. 2-2 and 8§11), but the detectors will be based « GLAST (see 8§11 & 12). Some towers and part of the
solid-state technology, obviating the need fo LAT calorimeter have been removed in this cutaway
consumables and greatly decreasing instrume VieWw.

Gamma-ray Large Area Space Telescope 7



3. Blazars and Active Galactic Nuclei

High-energy gamma rays from 3C 273 were firgnd gamma-ray jet emission can reveal conditions
detected in 1976 with COS-B (Swanenburg et al. 1978ading to flares. Multiwavelength campaigns have
Although predictions of gamma-ray emission fronproved crucial for understanding AGN in general, and
AGNs were made in the interim (Bignami et al. 197%lazars in particular. Good examples are the campaigns
Kdnigl 1981), the discovery of the gamma-ray blazdor 3C 279 (Maraschi et al. 1993; Wehrle et al. 1998)
class with EGRET (Hartman et al. 1992) waand Mkn 421 (Macomb et al. 1995; Takahashi et al.
unexpected. Blazar AGNs now compose the largeld96; Takahashi et al. 2000). Such campaigns involve
fraction of identified gamma-ray sources in the EGREMany ground-based observatories, sensitive in the radio,
range, with 66 high-confidence and 27 lowerinfrared, optical, and TeV gamma-ray (§810) bands, but
confidence identifications (Hartman et al. 1999). Failso take advantage of space-borne platforms, sensitive
a blazar, the power in >100 MeV radiation is & the X-ray and soft gamma-ray bands. Fortunately,
significant fraction of the bolometric isotropicseveral current and planned X-ray astronomy missions
luminosity and can, at least during flaring statesye expected to be in operation during the GLAST
dominate the luminosity in all other bands by a factenission, including Chandra, XMM, Integral, and
~10 or more. With spectra extending to GeV and TeAstro-E 1.
energies, variability timescales measuring less than a
day, and apparent luminosities reachingsaoy® 3.1 Blazar Models
ergs ¢ (e.g., Mattox et al. 1997), extremely energetic

: ) : The broadband/F  spectra of blazars generall
sites of nonthermal particle acceleration must bi v SP g y

ow two pronounced components: a lower-frequency
A . component peaking between radio and X-ray energies,
blazar variability, see Hartman et al. 1997 and Ulric d a high frequency component peaking in gamma

et al. 1997, respectively.) o ) .
Almost all of the AGNS that have been detected tglys (see Fig. 3-1). Because the former is substantially

involved. (For reviews of gamma-ray blazars an

olarized, it is generally thought to be synchrotron
EGRET are blazars. The term blazar refers to BL L ission from energetic nonthermal electrons and

objects as well as to highly variable and strongl ositrons accelerated at a shock front. In red blazars,

polarized quasars. Blandfo_rd & Rees (197.8) fir ﬁe VF synchrotron component peaks in the infrared.
suggested that blazar properties can be explained % v

model involving relativistic plasma outflows ejecte ﬂnchrotron flux peaks at UV and X-ray energies for
) 9 _p J lue blazars. Of the four blazars that have been detected
from accreting supermassive (4200 Solar mass)

black holes (see also Blandford & Konigl 1979: Re at TeV energies, three are blue blazars (namely Mrk

1984). According to this scenario, strong polarizatio?ﬁ%l' PKS 2155-304, and 1ES 2344+514) and the fourth,

. o : ) rk 421, is somewhere in the middle. The bluer the
rapid variability, and superluminal motion are observ

v al the et Th st £ such iet azar, the less luminous (Fossati et al. 1998). This
nearly along the jet axes. The existence of suc Je.%ﬂgy result from differences in outflow Lorentz factors
implied by VLA images of extended lobes of radi

laxies (Begel t al. 1984 ?Kubo et al. 1998). A major unsolved problem is how
gaaé|es( e_ge mage a't' )- tend and t tththe galaxies “cool their jets,” that is, how the
amma-ray observations exiend and tes é vironment of the host galaxy produces different

mode!. 'I_'he more rapld_ly varying emission at hig nergy losses on the radiating electrons in their jets.
energies is thought to arise from regions much clo Iving this problem would clarify the processes

to the central engine than can be directly imaged F ding to galaxy formation, particularly formation of

qther Wav_elengths. Exf[remes of photon or MagneHte disturbed and elliptical galaxies that are more likely
field density must prevail near the black hole engine 9 be jet sources

drive collimated bulk plasma, Poynting flux, or pair Blazars are powerful and highly variable at all

glrﬁrlr?wzngﬂusmvgggf?ﬂg rz?r?;liytjsss(’:::whlgz Cfgzlnﬁequencies, but their implied isotropic luminosities and
9 P tf%e doubling and halving timescales of their emission

determine the location of the acceleration and emissioll, ... +-omes at gamma-ray energies. Compactness

S|te_s n t?.etjet' GLASITt_ob_serv?tlé)_ns c;ft;het [[r_l(rjl_e nalyses show that relativistic beaming with bulk
regions ofjets may revolutionize studies otthe jet-cl I'entz factord” > 5-10 is required in order to avoid

symbiosis in sources such as 3C 273, where tempo&%sorption of the gamma rays way — e'e pair
correlation analyses of ultraviolet bump, synchrotron,

8 Exploring Nature’s Highest Energy Processes
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Figure 3-1 Spectral energy distributions of the quasars 3C 279 (top-left) and 3C 273 (top-right), the BL Lac object
Mrk 421 (bottom-left), and the blue blazar Mrk 501 (bottom-right) at various epochs. Note the dominance of the
gamma-ray flux in 3C 279 during the flaring state. The 3C 273 spectrum displays a model with jet synchrotron,
accretion disk, and jet external Compton radiation.

production attenuation (Maraschi et al. 1992; Derméptonic models of blazars, the main source of gamma
& Gehrels 1995; Mattox et al. 1997). Gamma-ragays is Compton scattering of soft photons by energetic
observations have yielded new tests for beaming aonthermal electrons and positrons in the jet. The
the basis of correlated emissions of the synchrotron asalrce of the soft photons is controversial: synchrotron
gamma-ray components (Catanese et al. 1998glf-Compton (SSC) models (Maraschi et al. 1992;
Multiwavelength campaigns employing GLAST andvarscher & Bloom 1994) employing the leptons’ own
new space-based X-ray detectors may reveal valuegs#lf-) synchrotron radiation is one possibility. The
I that are larger than those implied by radiexternal Compton scattering (ECS) scenario is another,
measurements of superluminal motions (e.gwhere photons from an accretion disk or torus enter
Vermeulen & Cohen 1994). High-quality GLASTthe jet directly (Dermer et al. 1992; Protheroe &
observations will permit charting the time dependen&iermann 1997) or after being scattered by broad-line
of the bulk Lorentz factor of the radiating plasma teegion clouds (Sikora et al. 1994; Blandford & Levinson
distinguish between accelerating and decelerating 95). Most of the ambient photons are likely to be
models of blazar AGNs (Marscher 1996). near-infrared emission from hot dust in the disk
Sensitive high-energy observations with GLASTBIlazejowski et al. 2000). Another variant of the ECS
will test leptonic and hadronic models of the jets. Imodel argues that beamed synchrotron photons are

Gamma-ray Large Area Space Telescope 9



echoed back into the jet after being scattered from gaguments and on the sizes of the event horizons of the
and dust in the jet's path (Ghisellini & Madau 1996entral black holes. Models for the energization of the
Coordinated Hx and GLAST gamma-ray observationget will be tested by measuring spectral index evolution,
could test the synchrotron echo scenario (Koratkarat shown in Fig. 3-2, where a spectral index/hardness
al. 1998). Most likely, the SSC and ECS processes amrelation in the 3C 279 flare light curve is assumed.
both present, perhaps with the SSC process dominating GLAST may discover a hew class of high-energy
in blue blazars or in red blazars near quiescence, agaimma-ray sources associated with radio galaxies. An
the ECS process dominating when the sources &ERET source is coincident with the location of
flaring. Coordinated X-ray and GLAST gamma-ray_entaurus A (Sreekumar et al. 1999), the brightest AGN
observations could distinguish between SSC and E@&he hard X-ray sky and one of the nearest. If Cen A
models (Béttcher 1999). is the source of the gamma rays, then it is the only
Gamma rays from blazar jets could also originattGN detected by EGRET that does not display strong
from accelerated protons and hadrons (Mannheimlflazar properties. However, evidence from Olll
Biermann 1992; Gaisser et al. 1995) that interact widmission maps suggests that Cen A is a misaligned
ambient particles through secondary (pptX) blazar (Morganti et al. 1992). As shown in Fig. 3-3,
production, or with ambient photons through photd@sLAST could confirm the EGRET detection and
meson (y — 1IX) or photo-pair (g — €X) production. potentially discriminate between central nuclear
The pairs produced in these processes can initiateeanission and a source on the periphery of Cen A if the
electromagnetic cascade through Compton agédmma rays originated from, for example, a
synchrotron processes, leading to emergent power-lavicroquasar (a much less massive jet-emitting compact
photon spectra. Sikora & Madejski (2000) find thadbject that is not associated with the central black hole
neither pure leptonic or pure hadronic models alomethe galaxy). A GLAST discovery that radio galaxies
can explain their X-ray observations of blazar jetare high-energy gamma-ray sources would provide
GLAST will for the first time discriminate betweenvaluable information about the parent population of
leptonic and hadronic models by comparing the dechiazars and the energy dependence of the beaming
characteristics of the synchrotron and gamma-ra&gnes of blazars. Once the beaming cone is known,
components during flares (Bottcher & Dermer 19983tatistical studies can establish the paternity of BL Lacs
Evidence for high-energy protons in blazar jets woulend quasars to FR1 and FR2 galaxies (Urry and
spur studies of cosmic-ray acceleration in relativistitadovani 1995).
shocks and the development of more sensitive neutrino Despite the soft gamma-ray detections of many
detectors to search for evidence of neutrinos fro8eyfert galaxies (see Johnson et al. 1997 for review),

AGNSs. none has been detected with EGRET. Seyfert nuclei
_ _ may lack highly relativistic particles, since the high-
3.2 AGN Observations with GLAST energy Seyfert spectra are successfully interpreted in

GLAST will probe the physics of relativistic jetsthe context of processes occurring in the accretion disk.

by providing energy- and time-resolved spectra Most current models rely on thermal Comptonization

blazars in quiescence and during flares. Weak evider%e0 ptical/UV photons emitted by the accretion disk by
|

from PKS 0528+134 suggests that blazar spectra duré%r\l/srelatlwsflc the”T‘a'. plasma. A d(ta;ectlon of Me_;//
flares are harder than in quiescence (Mukherjee et al:. gamma-ray emission —or even the very sensitive

1997). GLAST will determine whether this is a genergf?:éSLAST clguld p_rgv@e _for:tthebnort\;ﬁlazalr classf
property of blazars, and analyses will show if thig S — would provide Insignts abouthe release o

indicates an effect of radiative cooling or bulk plasm%rawtalonal energy during accretion.

deceleration. If spectra harden with time, then thig 3 Blazar Cosmology with GLAST

might indicate that the jet plasma is energized by

sweeping up ambient material. EGRET detected more than 70 blazar AGNs with
Fig. 3-2 compares the EGRET observations of PK8dshifts ranging from 0.03 to 2.3, and a mean redshift

1622-297 and 3C 279 with simulated GLASThearz=1. GLAST will detect several thousand such

measurements based on models that are consistent wiifects (Figs. 3-4 and 3-5), possibly back to the time

the EGRET data. GLAST observations of fineof their formation. This will permit the construction of

temporal structure in flaring light curves will improveuminaosity functions for the various subclasses of blazar

limits on the Doppler factor through compactnes8GNs and a study of their evolution with cosmic time,

10 Exploring Nature’s Highest Energy Processes



4000 ' ' ' duty cycles of these emitters are, and whether the

1 combined emission of the fainter blazars is sufficient
PKS 1622-297 7 to make up the “isotropic” high-energy gamma
] radiation that SAS-2 and EGRET have observed. As

the gamma-ray background is resolved into discrete
sources, the fraction that could be due to the annihilation
or decay of exotic particles (see 85) decreases.

By observing blazars at various redshifts between
e the EGRET energy range (~30 MeV-10 GeV) and that
oL : : : | now observed by ground-based Cherenkov telescopes
175.0 175.5 176.0 176.5 177.0 . .

Day of Year (above ~300 GeV), GLAST will explore the important

3 AR AT energy range where the spectra of most blazars are
. ] expected to cut off. These cutoffs could be due either
§ an | [ i to intrinsic absorption (Stecker et al. 1996) or to

3000

2000

1000

Gamma-ray flux (10* cm®s', E>100 MeV)

B interactions of blazar gamma rays with photons of the
Il ket 7. | | extragalactic infrared-UV background light (EBL;
f ¢ £ Stecker et al. 1992). If the high-energy spectral cutoffs
- !* 3 are primarily caused by interactions with EBL photons
' §§ % £ (which can be established by regular monitoring of
giaty 3td § ¢ £ blazar spectra and variability to deduce an underlying
N SRS SIS DO S S nonvarying absorber), the cutoff energy should vary

15 20 25 30 35 40

Day of 1996 inversely with redshift in a predictable way (Salamon

RXTE Count Rate

3C 279 Flare (GLAST)
> 100 |

xapu| |esjoads uojoyd

16 20 24 28 32
Day of 1996

Figure 3-2 (top) EGRET light curve (green points) for
two days during the 1995 flare of blazar PKS 1622-297
(Mattox et al. 1997) together with a simulated GLAST
light curve (red points). The solid line is a plausible
hypothesis for the actual flux. The error bars are 1e.
The GLAST light curve is calculated under the
assumption of inertial pointing at PKS 1622-297 and
includes the effects of occultation by Earth. (middle)
Flare observed from 3C 279 in 1996 with EGRET and
RXTE (Wehrle et al. 1998). (bottom) Simulated
GLAST observations of spectral index evolution of
3C 279 for a light curve consistent with the EGRET
flare.

Figure 3-3 Montage of optical and radio continuum
images of Centaurus A with simulated 68% and 95%
confidence level contours representing GLAST’s
localization capability during a 1-year sky survey.
The mean flux of Cen A is assumed to be 14107
cm?st(>100 MeV), equal to the flux of the coincident
which can be compared with the evolution of radic EGRET source 3EG J1324-4314 (Hartman et al.
quasars and the star formation history of the univers 1999). The angular extent of the radio lobes shown
(see Chiang & Mukherjee 1998). Among the importan (the ‘inner’ lobes of Cen A) is ~11 The EGRET
questions to be addressed by GLAST are whether ¢ 8% error contour is a few times larger than the
blazars emit high-energy gamma radiation, what the €ntire figure.
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Figure 3-4 Estimate of the number of AGNs that
GLAST will detect at high latitude in a 1-year sky
survey compared to EGRET's approximate detection
limit. The gamma-raylog N-log Srelation for AGNs is
from Stecker & Salamon (1996). Note that the range
|b] > 3¢ spanshalf the sky.

Figure 3-5 Simulated intensity map for a 1-year sky
survey with GLAST. The map is in Galactic
coordinates, and the bright band across the center is
diffuse emission from the Milky Way. The point sources
at intermediate and high latitudes are simulated AGNs
matching thelog N-log Srelation of Stecker & Salamon
(1996), and having integrated intensity equal to the
unresolved isotropic intensity observed by EGRET
(Sreekumar et al. 1998). The inset is the simulated
distribution of photons in the Virgo region for energy
greater than 1 GeV..

GLAST Sky Survey (1-year, E > 100 MeV)

& Stecker 1998). If such is the case, GLAST spectra
of blazars at various redshifts will be an important probe
of the EBL, and therefore of star-forming activity, as a
function of redshift.

The EBL is an integral measure of starlight emitted
and reprocessed during galaxy formation. A complete
calculation requires a population synthesis model of
galaxies which treats gravitational collapse and merging
of dark matter halos, gas cooling and dissipation, star
formation, supernova feedback and metal production
(MacMinn & Primack 1996; Primack et al. 1999).
High-energy gamma-ray absorption of distant blazars
may be used to test assumptions about the stellar initial
mass function and the underlying cosmology. GLAST
measurements of absorption of blazar spectra as a
function of redshift could provide an independent probe
of the star formation history of the universe.
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4. Unidentified Sources

More than 60% of the known high-energy gamma-The lack of obvious counterparts implies high values
ray sources are unidentified. In the Third EGREOfL /L, . L /L ,andL /L _..
Catalog, shown in Figure 4-1, 170 of the 271 sourcesMany sources clustered along the Galactic plane
have no established counterparts at other wavelengémpear to be correlated with star-forming regions or
(Hartman et al. 1999). supernova remnants (Yadigaroglu & Romani 1997;

Commonly held (and incorrect) beliefs abouRomero et al. 1999).
gamma-ray bursts (86) before the ComptonSome are time variable, while others have steady
Observatory may provide a useful analogy to th@mission (McLaughlin et al. 1996; Tompkins 1999).
unidentified EGRET sources. Before CGRO, there waée variable sources seem to include both Galactic and
a near consensus that the gamma-ray bursts wexé&ragalactic populations.
powerful, but not spectacular, flashes associated witfihe high-latitude sources have an isotropic component
nearby neutron stars. It was expected that the Buasid one likely to be a local Galactic population (Ozel
and Transient Source Experiment (BATSE) on CGR& Thompson 1996; Grenier 1999).
would verify these predictions. The results are wellSteady, medium latitude sources may be associated
known: BATSE observed an isotropic distribution ovith Gould’s Belt, the massive star-forming regions
sources, implying that bursts originate at cosmologicairayed on an expanding shell of gas that surrounds
distances and emit prodigious amounts of energfye solar neighborhood (Gehrels et al. 2000).
(Meegan et al. 1992). Clearly, an unknown class of . . g
objects has the potential for the most remarkabfel CLAST Observations of Unidentified
discoveries. Sources

What is known about the unidentified EGRET
sources is quite limited:
e Each must be a powerful, nonthermal particl
accelerator.

GLAST will be the breakthrough instrument for
unraveling the mysteries of the unidentified sources.
For the first time, a gamma-ray telescope will have the

& Active Galactic Nuclei m Pulsars E > 100 MeV
Unidentified EGRET Sources A LMC
Solar FLare

Figure 4-1 Third EGRET Catalog of high-energy gamma-ray sources (Hartman et al. 1999). The source locations
are shown in Galactic coordinates.
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combination of sensitivity and angular resolutiontoti 570 g
the gamma-ray sources to specific objects (Fig. 4-:
How GLAST will accomplish this goal will depend on
what the sources turn out to be. Here are some of
possibilities:

* Previously-unknown blazar-class AGNEhe source
3EG J0433+2908, for example, was identified with
radio/optical/infrared source that has the characterist
of a BL Lac object, following the detection of a gamme
ray flare during a high state of the radio emissic
(Lundgren et al. 1995). The wide field of view ant  sso 3
high sensitivity of GLAST will readily catch such
flares; the arc-minute-scale error boxes will then allo
comparison with a manageable number of radio a
optical sources to search for correlated flaring activit 10" 2,“ 10" 48" 10" 44”

* Previously unknown pulsardt would be remarkable Right Ascension (J2000)

if Geminga were the only radio-quiet pulsar, and indeed

models predict that more pulsars should be visible iRigyre 4-2 Relative sizes of EGRET (blue) and GLAST
gamma rays without strong radio emission (Yadigaroglgred) 95% confidence contours shown on a portion of

& Romani 1995). Mirabal & Halpern (2001) recently the 1.4 GHz NRAO VLA Sky Survey (Condon et al.
concluded that the bright, steady unidentified sourc&996). The EGRET error circle shown has the average
3EG J1835+5918 is a radio-quiet pulsar associated wigiiea for sources in the Third EGRET Catalog

a faint X-ray source RX J1836.2+5925 (Fig. 4_3)_(Hartman et al. 1999). The GLAST error circle is fc_)r
GLAST will have sufficient sensitivity and resolution & Moderately strong source below the detection

for direct pulsation searches in the gamma-ray datg?reShOId elf [ HEIRE

independent of observations at other wavelengths (see

§7). Harding & Zhang (2000) propose that the steag@urce. GLAST will be able to sort out the candidates
sources in the Gould Belt (Grenier 1999; Gehrels et and study the physics of any new classes.

2000) may be gamma-ray pulsars observed outside of The variable source 3EG 1809-2328, which is
their radio beams. They find that the faint fluxes arRfobably Galactic, may be due to pulsar winds
steep spectra of these sources are well-matched by thigracting with a neighboring molecular cloud (Oka
model. et al. 1999). The persistent source 3EG J1746-2851,
« Binary Systems3EG J0241+6103 (2CG 135+01) i¢¢ssociated with the Galactic center, is also a mystery
consistent in position with the variable radio sourddlayer-Hasselwander et al. 1998). Among the
GT0236+610, also seen at optical and X-ray energigddgestions for the origin of this source is advection
and thought to be a binary system. Particles may ®@fo the black hole at the center of the Galaxy.
accelerated by shocks at the boundaries between strong”A  different type of EGRET source,
winds from the two companions (Tavani et al. 19983EG J1837-0423, was detected as a transient, flaring
EGRET may have seen evidence for GeV gamma_rw Only a few daySZ this is reminiscent of a blazar and
emission from the X_ray binary Centaurus X_:yery unlike the pulsarS, which are alwayS visible.
(Vestrand et al. 1997). Accurate positioning of thelowever, the error box for this source contains no radio
sources and spectral measurements are criticalS@/rce at a flux level consistent with blazars seen by
confirming these identifications. All such sources ateGRET. This is probably the best candidate for an
time variable, and GLAST will be well suited to@strophysical accelerator of a new type (Tavani et al.

56° 30

56° 00

Declination (J2000)

55°00

monitoring them with its wide field of view. 1997).
Paredes et al. (2000) report the discovery of the
4.2 Potential New Source Classes Galactic microquasar LS 5039 and note that it is

) coincident with the unidentified EGRET source
Several potential new classes of sources have begfy; 31824-1514. Microquasars are X-ray binary
proposed to explain unidentified Galactic andystems that exhibit many of the properties of active

extragalactic sources. In some cases, the propoggghies including the emission of superluminal jets.
classes are presently represented by only one EGRET 14tani & Kitayama (2001) propose that
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unidentified, steady, high-latitude gamma-ray sourcésft as artifacts of Galactic gamma-ray bursts (Plaga et
may be clusters of galaxies in the process of formingl. 1999). GLAST's ability to detect more sources,
The gamma-ray emission would originate fronmeasure positions more accurately, determine energy
interactions between intracluster gas and high-energpyectra over a broad range, and track time variability
electrons, that are accelerated by shocks in the gason many scales will all help to correlate the gamma-
Other suggestions for high-energy gamma-ray@y detections with sources found in the deep
sources include accreting isolated black holes (Dernwmrservations in other wavebands. The timescales and
1997), Kerr-Newman black holes (Punsley 19983¥pectral evolution of the variations in flux also can be
Wolf-Rayet stars (Kaul & Mitra 1997), and ‘hot spotsused to discriminate between source models.

254 Figure 4-3 EGRET source location map for 3EG

J1835+5918 (Hartman et al. 1999), an intense,
apparently steady source with no X-ray or radio
counterpart. The crosses are positions of radio
continuum sources in the 1.4 GHz NRAO VLA Sky
Survey (Condon et al. 1996). The sizes of the crosses
are related to the fluxes; the faintest are only ~10 mJy.
The diamond indicates the location of the X-ray source
RX J1836.2+5925 proposed to be the neutron star
responsible for the gamma-ray emission (Mirabal &
Halpern 2001).

25.2°

Galactic Latitude

25.0°

24.8° I . L . !
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5. Cosmology and the Diffuse Background

An apparently isotropic, presumably extragalactidlux was greatly advanced with EGRET, due to its lower
component of the diffuse gamma-ray flux wamstrumental background and greater sensitivity.
discovered by the SAS-2 satellite and confirmed withozens of extragalactic sources have been detected
EGRET (Thompson & Fichtel 1982; Sreekumar et alvon Montigny et al. 1995; Hartman et al. 1999), and
1998) for energies in the range above 30 MeV. Whatrisany have been identified with the blazar class of
responsible for this flux of gamma rays? There areAGNs (83). Sreekumar et al. (1998) analyzed the
number of possibilities. The most prosaic, and thusiformity and spectrum of the isotropic flux observed
perhaps the most likely, is composite light from a larggy EGRET. Removal of the contributions from
number of faint point sources, such as AGNs (Steckersolved point sources was challenging, owing to the
& Salamon 1996; §3). Another, more exotic possibilitharge size of the EGRET point-spread function. The
which would imply exciting particle-astrophysics iforeground Galactic flux, mostly originating from
relic radiation from some yet-unknown high-energgosmic-ray interactions with interstellar nuclei and
process in the early universe, such as neutralino degdnptons (88), also had to be subtracted carefully. The
in R-parity violating versions of supersymmetrigesults indicate that the energy spectrum of the isotropic
extensions of the standard model of particle physiemission is well described by a power law with photon
(SUSY). spectral indexa = 2.1+ 0.3 over EGRET’s energy

Through the era subsequent to COS-B, wheange. The emission appears to be isotropic on thfe ~30
3C 273 was the only extragalactic point source detecteshgular scales of the study, although the systematic
the composite AGN-light hypothesis could not bencertainties remain fairly large. The spectral index is
tested. More point sources had to be characterizedcemsistent with the average index for blazars that
that an extrapolation of their intensity and energgGRET detected, which lends some support to the
distributions could be attempted. Study of the isotropig/pothesis that the isotropic flux is from unresolved
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blazars. The actual source fraction is difficult to infegnd COMPTEL observations of the diffuse gamma-ray
but has recently been estimated to be ~75% (Chiandgé&ckground (Kribs & Rothstein 1997). Many models
Mukherjee 1998) and 40—-80% (Mticke & Pohl 2000predict long-lived relics that may or may not be dark
These findings depends sensitively on poorly knownatter candidates. Long lifetimes for heavy relics,
parts of the gamma-ray luminosity function for blazamshere “long” means within several orders of magnitude
(Chiang et al. 1995). of the age of the universe, may arise in models which
] have symmetries that are broken only at short distances.
5.1 Deep Survey of Diffuse Background for  gyamples of such models are technibaryons in
Signatures of Unstable Particle Relics technicolor models or the lightest supersymmetric
Harticle in an R-parity violating SUSY model.
Figure 5-2 shows the dominant scattering
echanisms for high-energy photons injected in the
jost-recombination era of the universe. The universe
s essentially transparent ta ~ 700 for
5 MeV <E < 100 GeV (at the source), neglecting
cattering from the EBL (see 83). Note that emission
f a gamma ray dIy< 300 GeV az> 100 corresponds
E <15 GeV az ~ 5, the beginning of the era of
alaxy formation. This implies that the EBL will
egligibly absorb such photons.
From EGRET and COMPTEL measurements of
ﬂ% extragalactic diffuse background, Kribs & Rothstein
1997) estimated final density bounds for a relic particle

- . : . . at has three-body radiative decays. On the assumption
could originate in decays of exotic particles in the ear ¥at the relic has roughly the critical density, their

universe. The energy spectrum of this componeglg . T :
. I : alysis shows that relic lifetimes,, in the range
should be different from the AGN contributions. Figur ;
ﬁx 10t years <, < (3% 1Pt — 3x 1) years, for relic
I

51 shows tha_t the Iarge effective area of G.LAS assed! =50 GeV - 10 TeV, are excluded (compare
especially at high energies, may permit a statistically X

significant detection of this spectral difference o4

GLAST will vastly increase the number of detecte
point sources, with a flux limit at high latitudes that i
a factor of 30 or more lower than EGRET's (Table 1-1
Whereas EGRET identified about 70 AGNs, GLAS
should see thousands, as discussed in 83, and t
resolve a greater fraction of the isotropic emissio
GLAST will have much more uniform exposure at hig
latitudes, and because its sensitivity will not vary wit
time (unlike EGRET), the large scale isotropy of th
diffuse emission will be much better determined (Willig
1996). Any truly diffuse component that remains woul
be of great interest, and would rank as one of the m
important discoveries of GLAST.

Truly diffuse extragalactic gamma-ray emissio

F HEk DL Ty
(Kamionkowski 1995; Willis 1996). Recently, bounds F
on long-lived relics have been derived using EGRET C PPM2 e
105
E T T T T TTT1T T T T T TTT1T T TlllYH% ]03:_
107? é N i
g E + L
103 5 I
£ E 3 )
% —k § 10 E t<1 E
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107! L | Lo .;"L\l\ SR SR EY (MeV)
10 100 1000 _ _ _ _ _
Energy (GeV) Figure 5-2 Dominant scattering mechanisms for high-

energy photons injected in the post-recombination era.
Figure 5-1 Simulated diffuse extragalactic gamma-ray  The region below the red line has an optical depth< 1,
flux measurements for GLAST (upper points) and thus no scattering occurs. The other regions are
EGRET (lower points). The dashed lines show the flux  dominated bye‘e- pair production (PP), photon-photon
from unresolved AGNs, the dotted lines the scattering (GG), pair production in matter (PPM1) and
contributions from WIMP decays in the early universe, pair production in ionized matter (PPM2) (Kribs &
and the solid line shows the total (Willis 1996). Rothstein 1997).
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to proton lifetime limits of >18 years). In addition, and more recently, Bergstrom, Ullio & Buckley 1998;
relics with densities considerably below the criticdBUB). GLAST can search for gamma-ray lines in the
density are excluded, which places a strong constrainass range above 30 GeV with significant sensitivity
on models with a long-lived massive particle. GLASWhen compared to other types of searches if the energy
measurements should extend the mass, lifetime, aedolution goal for the LATg /E ~ 3-4% (81), is
relic density limits by at least two orders of magnitudechieved.

This improvement is expected due to the much larger Recently, full one-loop calculations of thg - w
energy range and sensitivity of GLAST as compard8ergstrom & Ullio 1997; Bern et al. 1997) and
to EGRET, as well as the ability of GLAST to resolvery - yZ (Ullio & Bergstrom 1998) annihilation
contributions of point sources to the extragalactjgrocesses have been performed for the first time in the
background. minimal supersymmetric extension of the standard

_ ~ model (MSSM). Compared to older estimates, the
5.2 Gamma-Ray Lines from Supersymmetric  newly computed rates are up to an order of magnitude
Particle Dark Matter Annihilation larger.

The dark " le i f th i Different models have been proposed for the
€ dark-matler puzzie IS one of the cen r%f'stribution of the nonbaryonic dark matter in the Milky
challenges confronting particle astrophysics a

cosmology. The measured rotation curves of galaxi Say. Recent N-body simulations of dark matter halos
9y . : 9 %ave, however, given indications of a universal profile
the confinement of intergalactic gas by galaxy clustew

: here the density increases substantially near the
and large-scale structure formation arguments a 8lactic center (Navarro, Frenk & White 1996; NEW)
powerful evidence for dark matter. Evidence for da ' ' '

tter i laxi 4 th ) ) : qi his model, which enhances tlgg annihilation rate
matier in galaxies an € Universe Is reviewe (ul)mpared to past models of halo distributions of dark
Ashman (1992) and Trimble (1989), respectively. (Alsl%atter was used for thgy annihilation calculations

see Kamionkowski & Spergel 1994 for recenéf BUB. They found that the gamma-ray line emission

arguments based on structure formation.) The Iightq%m the halo should be detectable in the GLAST sky
supersymmetric particle (LSPY, is a reasonable, and

perhaps the most promising, candidate for the dag%rvey for some ranges of MSSM parameter space.

: ) ] eir limits indicate that GLAST will explore a
mgtter of the universe (Weinberg 1983.’ Goldberg 198 Pnificantly larger portion of the MSSM phase space
It is neutral (hence the name neutralino), and stabletllI
R parity is not violated. Supersymmetry seemsto b
necessity in superstring theory (and M-theory) WhicII
potentially unites all the fundamental forces of nature,
including gravity. If the scale of supersymmetr : . :
breaking is related to that of electroweak breaking, thénonochromanc gamma-ray signal, then in most cases

. : ; . even larger continuum diffuse component due to
this d_ensﬂﬁx may be the right order of magnitude toannihilations into quark jets should also be present, and
explain the nonbaryonic dark matter. Although th

highest-energy accelerators have begun to probe regic%nasy also be detectable by GLAST.

of SUSY parameter space, the limits set at this time are
not very restrictive. With the requirement that
neutralinos make up most of the dark matter, current
limits allow viable models in the mass interval,
30 GeV <M_< 10 TeV. (For an extensive review of
the dark matter candidates and the experimental
situation see Jungman et al. 1996.) If neutralinos make
up the dark matter of the Milky Way, they have
nonrelativistic velocities. Hence, the neutralino
annihilation into they andyZ final states would give
rise to gamma rays with unique energies, that is,
gamma-ray lines WitEyZ M, orE = MX(l-mZ2/4MX2).

The neutralino signal in its various guises has been
thoroughly discussed in the literature (Jungman,
Kamionkowski & Griest 1996 and references therein,

an other types of searches, in the range
8 Gev <M)( < 200 GeV, particularly for the higgsino-

e neutralino for thegx — yy case.

If xx annihilations in the halo do produce a
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6. Gamma-Ray Bursts

Gamma-ray bursts (GRBs) are the most intense afitbng with mounting evidence that GRBs are
most distant known sources of high-energy gamnaasociated with star forming regions in distant galaxies,
rays; at GeV energies, the brightest GRBs atlke enormous implied luminosities — up to“rgs if
1000-10,000 times brighter than the brightest AGNsotropic — can make them valuable probes of the very
The unparalleled luminosities and cosmic distancestoigh redshift Universe (Lamb & Reichart 2000)
GRBs, combined with their extremely fast temporakaching beyond the redshift regime of the most distant
variability — full amplitude variations in millisecondsquasars.

— make GRBs an extremely powerful tool for probing The inferred range of GRB luminosity is of order
fundamental physical processes and cosmic history=~100, with values up to ¥0ergs (if isotropic). The

The LAT in concert with the GBM will measuretotal energy released is over 100 times that from a
the energy spectra of GRBs from a few keV to hundredepernova (inferred from radio observations, and
of GeV during the short time after onset when the vasssentially independent of beaming considerations).
majority of the energy is released. GLAST will als®opular models for the immensely energetic central
promptly alert other observers, thus allowing th&RB engines, hypernovae (Paczynski 1998),
observations of GLAST to be placed in the context abllapsars, and mergers of neutron/black hole binary
multiwavelength afterglow observations, which are th&gystems are based on a black hole accretion disk
focus of HETE-2 and the upcoming Swift missionsscenario and the endpoints of the stellar evolution of
The additional information available from GLAST’'smassive stars (e.g. Fryer et al. 1999). Because no
spectral variability observations will be key taafterglows have been detected from short duration
understanding the central engine as can be seen,lorsts, and because the gamma-ray spectra of the short
example, in the theoretical predictions of Figure 6-1bursts differ from the longer ones, there may be more

After more than thirty years of study at gamma rathan one type of source.
energies, and the detection of more than 3,000 bursts No matter what the source, a relativistic fireball of
(see Fishman and Meegan, 1995) afterglows frogtectrons and protons must be produced. Protons must
GRBs were discovered at X-ray energies (Costa et laé present to transport energy, but the fraction must be
1997). Convincingly predicted by fireball modelsmall because quasi-thermal emergent spectra are not
describing the extremely relativistic expanding ejectzbserved. Acommon feature of physical models (Piran
(Meszaros and Rees, 1997), afterglows have now all#09) is the creation of a rapidly spinning black hole,
been observed at optical, infrared and radio wavelengthsich provides a preferred axis for beaming along a
demonstrating that some GRB sources lie @it.
cosmological distances (e.g. Metzgar et al.) with The high-energy pulses in GRBs are known to be
redshifts ranging up to 5 (e.g., van Paradis et al. 2008rrower and to peak earlier than at lower energies;
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Figure 6-1 The spectral evolution of a GRB produced by the shock created when a blast wave of different initial
bulk Lorentz factors I interacts with an external medium (Dermer & Chiang 1999). As in active galactic nuclei,
two peaks are expected with the lower energy due to synchrotron emission and the higher energy due to inverse
Compton scattering.
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thus the energy injection mechanism involves shagtission from the particles, or via inverse-Compton
timescales which must be probed at gamma-rayteractions with lower energy photons. Observations
energies. However, the high-energy spectral evolutiof the evolution of spectral energy distributions over
is very imprecisely mapped at EGRET energies, owirlige full range of a few keV to super-GeV energies will
to EGRET's long deadtime, which at ~100 ms ikelp distinguish the possible mechanisms.
comparable to or greater than pulse widths at these The short deadtime of the LAT will enable the first
energies, and to EGRET’s relatively small effectivetudies of GRB temporal properties at high energies.
area, which decreased above 500 MeV owing to sefnalogous studies using existing data are not possible
veto in the monolithic anticoincidence shield. because at high energies pulse widths are shorter than
) o the 100 ms deadtime of the EGRET instrument. At
6.1 High-Energy Emission and GRB Models  gaTSE energies, the spectral evolution and energy

Prior to the launch of GLAST, missions such as HETE- pendence of GRB pulses and pulse structures has

o . : o ready been demonstrated to be crucial in explorin
and Swift will provide precise localizations and mucf y ploring
|Qternal versus external shock gamma-ray emission

will be learned about afterglow properties and th . . . ;
redshift distribution of sources. However, the role od_els (Fenimore et al. 1999; Ramlrez-sz &
nimore 1999). Energy dependent lags in pulse

internal shocks in the production of gamma rays a ?e ) o
the transition to the fireball/afterglow stage will b structures (Norris et al. 2000) and variability time scales

: i . (Fenimore & Ramirez-Ruiz 2000) have also been
revealed only by study at higher gamma-ray energlz rrelated with GRB luminosities for a limited sample

The high-energy photons are the (theoretically) Mo% ) ) : .
difficult to produce, and are easily lost due to conversi bursts with known redshifts. Nor_rls_et a_l. f_|nd that
e lag between hard and soft emission is inversely

in several ways, as described below. related to luminosity. Akinematic interpretation of this

The minimum bulk Lorentz factor of materialpmemia”y powerful temporal signature has been

ejected by a GRB is constrained by the flux of th%xplored by Salmonson (2000) based on a variation of

highest energy gamma rays that escape the SOu’i&%rentz factor across a relativistic jet. Energy

having survived interaction with keV photons whic pend_ent Ia_gs and the physics beh_md GRB temporal
would produces'e pairs (Baring & Harding 1997). properties will be much better studied by the broad

Only those GeV gamma rays emitted nearly parallel E&Aﬁrgy goég?/lge Igr owdeS_;)y the cotmblnatl_on Iofttt:je
the more plentiful keV X-rays, as is the case fo amrirz:l-ray bljrst 'grl:]r: histor;;eS:;rz;ola?tl?du ::oem
emission from a relativistically moving source, Ca%ATSE energies, as viewed by the LAT and GBM.

escape. The bulk Lorentz factor inferred from hig mee widths of the pulses decrease significantly with
energy gamma rays also depends on the size of Energy (e.g. Ramirez-Ruiz & Fenimore 2000).

emission region, which may be inferred from th Shock Hicient method f lerat
variability timescale, the observed spectrum (Fig. 6-2), ocks are an etticient method for accelerating
@Zrncles to high energies. The gamma-ray emission is

g] CO,[I ;?Se Spl)stin; ?éV\I/E Ellj‘\;]l(zj':'ec()jt.)servanons suggest I'oreprobably due to internal shocks — faster moving shells
The burst fireball carries both electrons and protor LAT

Very short duration GeV emission is predicted b= | >10 MeV |
Dermer et al. (1999) to be the signature of firebal
with the smallest baryon loading: “clean” fireballs hav = -
a small baryonic fraction, while “dirty” fireballs have

the largest fraction of baryons. Clean fireball®™ [ L l l l l l ]
3_L 5

into €'e pairs. Their existence constrains GRB physi

suun Aeaigly 11y

decelerate more rapidly, producing higher-ener¢
gamma rays while the bulk Lorentz factor is still higr

7 9 11
GLAST will be able to investigate the populatior Time (s) \ \

statistics of the shorter duration, higher energy burs _. . : " 510 MeV
.. h f el d Figure 6-2 Simulated time I - 100 MeV |

constraining the range of electron and proto profile of a GRB detected

concentrations in GRB fireballs via inferences of bul by the LAT and the GBM.

Lorentz factors in sources. The actual conversion The pulses are narrower

electron and proton energy into gamma rays can oct at LAT energies. |

via several processes, e.g., directly via synchrotri 75 80 T'&S ( )9.0 9.5

Ime (s
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overtaking slower ones, which can easily produce th@ghest-energy gamma rays via synchrotron emission.
irregular light curves for which GRBs are famousThe gamma-ray afterglows would persist for several
External shocks are the probable mechanism fdays and contain an order of magnitude more fluence
afterglow emission at longer wavelengths. Thian the prompt emission (Totani 1998). GLAST
relativistically expanding fireball will interact with the should be sensitive enough to detect these afterglows.
external medium, gradually sweeping up material; Bursts of high-energy gamma rays are a predicted
inhomogeneities could produce variable gamma-rajgnature of the evaporation of primordial black holes
emission. Measurements of spectral evolution @®BHs). Proof of the existence and evaporation of
GLAST energies will test this understanding of the rold3BHs would be of fundamental importance to physics
of internal and external shocks. and cosmology; in evaporation, PBHs make the
The high-energy emission may evolve from #&ansition to a state describable only by quantum gravity.
spectrum initially created by electrons interacting vi8uch “final state” objects have been predicted by both
internal shocks, to one dominated by protons interactistfing theories and by quantization of “classical” black
with a shock created by the external medium. Thimles. Since Hawking radiation (which leads to these
temporal evolution of the gamma-ray spectral energyates) has never been confirmed, detection of PBHs
distribution can be correlated with X-ray, optical, andiould be a crucial first step toward experimental
radio afterglows to study the external medium anzbntact with theory. Also, the temporal pattern of
magnetic fields. Decay of the gamma-ray afterglofawking radiation has been shown to include possible
should be different from optical and X-ray afterglowsnformation on the onset of particle supersymmetry, if
Alternatively, as suggested by Plaga (1995), theexists (Coyne & Sommerville 1999). Heckler (1997)
gamma-ray afterglow could arise from TeV gamma ragalculated that the formation of a photosphere will
interacting with intergalactic infrared and microwavelegrade the emitted photons, both primary and
background radiation to produete pairs, which are secondary, by a typical factor of ordef, i@sulting in
deflected by intergalactic magnetic fields (giving risa peak burst flux near 5 GeV, ideally suited for
to the delay), eventually inverse-Compton scatterirapservation with GLAST.
to produce GeV gamma-rays. If this explanation is Amelino-Camelia et al. (1998) make the very
correct, it would afford a unique probe of intergalactiexciting prediction that GRBs may be able to probe
magnetic fields. the scale of grand unification and quantum gravity.
In one noteworthy burst, GRB 940217, EGREBtring theory predicts that space-time is granular at the
detected high-energy emission persisting for ~ 5000P$anck scale, ~19GeV, and consequently light should
beyond burst cessation at hard X-ray energies (Hurlsyffer an energy-dependent dispersion of order 10 ms
et al. 1994); this high-energy gamma-ray afterglo@eV! Gpct. GRBs should have temporal structures
contained a significant fraction of the total burst fluenceomparable to this timescale at energies ~10 MeV and
A few other bright GRBs observed by EGRET alsabove, as they do at lower energies (e.g., Walker et al.
show indications of longer duration emission (Dingu2000).

etal. 1997). GLAST will have the sensitivity to detect _
such afterglows from weaker bursts and for longér3 Expected GLAST Observations of GRBs

durations. iGRET detected four GRBs above 100 MeV (Fig. 6-3),
i

In summary, the hlghes_t energy emission in GR e brightest that occurred within the field of view of
bears directly on several issues related to the G

e . . spark chamber. EGRET also detected 30 GRBs
emission mechanism(s) — internal vs. external shoc%

baryon fraction, interaction with the environment an jpove 1 MeV in its calorimeter. Their spectra are
Y . T : ) onsistent with power-law form, exhibiting no high-
propagation questions — and is therefore crucial f

eventual understanding of what makes a GRB. Egsrég);](i:gu ;Ognvg:g/h g fnlflsdsggi?nbtgtat;éos Ec-)rr 3\Illa(iRnE;st

6.2 High-Energy GRB Observations and sensitive enough to detect it.

Astroparticle Physics The LAT will detect many more GRBs than

EGRET, and many more gamma rays per event. The

The origin of ultra-high-energy cosmic rays ha#icreased sensitivity is a combination of four factors:

been suggested to be GRBs (Waxman 1995). If bulkAT’s effective area is ~6 times that of EGRET and

Lorentz factors are greater than 100, protons could éhees not fall off above 500 MeV;,

accelerated to energies >?1@V, giving rise to the * EGRET had a deadtime per gamma ray of ~100 ms,
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Figure 6-3 Average spectrum measured by EGRET  Figure 6-4 Simulation showing the accuracy of location
for four bursts — 45 photons > 30 MeV, and 4 photons  determination for the >200 GRBs per year that will be
> 1 GeV. The differential photon spectral index for  getected by the LAT. A realistic, discrete distribution
the fitted line is 1.95+ 0.25 (Dingus et al. 1998). of power-law spectral indices was used, based on
EGRET spark chamber and TASC detections of GRBs.

comparable to GRB pulse widths at lower energi¢ The points are color coded by spectral index: blue
where time profiles are well characterized, wherei (1.6,1.8), black (2.0), and red (2.2, 2.4). The simulation
GLAST will not be deadtime limited — this will be uses flux and duration distributions determined by
essential to detection of gamma rays during brief BATSE below 1 MeV, in addition to the power-law
intense pulses. indices, to extrapolate the GRB fluences to energies
« LAT's field of view is more than four times that of 92t (e A0 b

EGRET —resulting in many more bursts being detected; :
* GLAST will be slewed continuously to keep Earti}iI ray to gamma rays, whereas in GRBs all the prompt,

out of its field of view (see §12), which results into éapldly varying featu_res are In gamma-rays .a'O”e-_
If quantum gravity effects introduce a dispersion

gain of a factor of ~2 in observing time. , . . . o
Figure 6-4 shows the results of a detailed simulati il gamma-ray propagation, simulations indicate that
9 e size of the effect could be detected using only the

of the number of gamma rays detected by the LAT f . .
the ~ 270 bursts expected within the field of view perr0 brightest bursts observed by GLAST in two years,

. even if the pulses are only 100-ms-wide (Norris &
year. More than 50 bursts per year will have more thgg)nnell 1999). Corroborating the connection to

100 gamma rays above 100 MeV - sufficient signa ity f di ion found Id .
strength to measure power-law spectral indices Withggantum gra_V|ty orany dispersion found would require
. T . eémonstration of the distance dependence of the
typical error of 0.1. Source localizations will be smallecrIispersion
than 10 (comparable to those of Swift) for ~100 GRBs '
per year, enabling afterglow searches at long
wavelengths and redshift determinations. i i ]
Both the LAT and the GBM will measure the_. | LN
spectra of these bursts (Fig. 6-5). The instruments i § '°F
quite complementary, because of the interrelatedne,
of the gamma-ray production and attenuatio?
mechanisms. The kinds of temporal variationE 10F
predicted in Figure 6-1 indicate that the promg
emission has multiple features that are initially only i
the gamma-ray energy range. The simultaneo - - ~ - ~ —
monitoring of these features across the gamma-r M LR R
range will be valuable for understanding gamma-rav
bursts just as the multiwavelength observations ha Figure 6-5 Simulation of the spectrum of GRB 940217
been so useful for understanding the same types as would be observed by the GBM and the LAT. For
features in AGN emissions. The difference is that the GBM, data points from the Nal and BGO detectors

AGN these features are spread from radio to optical 2" Indicated separately.

1000 7 T T T T T 3
F + NAI E
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7. Pulsars

The first astronomical sources detected at gammnyzersistent sources in the gamma-ray sky. In addition,
ray energies were pulsars, i.e., rotating, magnetizedny of the brightest unidentified EGRET sources (84)
neutron stars. These neutron stars remain some ofdhe coincident with high-mass stars or supernova
best laboratories for studying extreme physicaémnants and are also likely to be associated with
conditions, including the strongest gravitational forcepulsars. Thus pulsars could be a dominant constituent
largest magnetic fields, and efficient acceleration of the Galactic gamma-ray sources.
some of the highest energy particles in the Universe.

Pulsar studies are now done across the fuft2 GLAST and Pulsar Models
electromagnetic spectrum. Every band contributes to

our understanding of these exotic objects, but ﬂf"gr pulsar emissions. Different models make very

ga(rjnmat-raé/. baf[?]d tI)S _unlqucla(l_y |m[J]c0{r‘tlant ]Ico%lifferent predictions for the shape of the pulsar beam,
understanding the basic workings of ™e pu'saf, ponce for what fraction of radio pulsars will be
phenomenon. How and where does the partic

Ben in gamma rays. With high altitude outer gap
. - . :
accgleranon take place* . What Is the shape of t gcelerators, the beams of young pulsars which are
particle beam, and how is its energy converted

. v?ewed at large angles to the spin axis should be
photons? What fraction of the sky does a pulsar be%fgtectable (e.g., Ro?nani 1996). |oOther models with

illuminate, and hence how many pulsars are there 1 S .
ar-surface polar cap emission (e.g., Harding 1981)
?
the Galaxy and how often are they born? Where do Sudict that gamma-ray visibility is more purely an

1
the bulk of_ the %nergy go, since it is not seen in t Srect of radiation efficiency (Fig. 7-2).
pulsed radiation’ GLAST will test pulsar emission physics by
7.1 Gamma-Ray Observations providing high quality phase-resolved spectra. For the
three brightest pulsars, EGRET data already show a
High-energy gamma-rays represent the bulk of tloemplex variation of the gamma-ray spectrum with spin
power output from many pulsars, and gamma-rays grease. These results challenge pulsar models — but
produced by much simpler physical processes than, feorking backward to constrain the underlying physics
example, coherent (nonlinear) radio emission. Gamma-very difficult given the small sample and large
ray beams are relatively large, so a more nearyatistical uncertainties. GLAST will have the
complete pulsar sample can be studied in that basénsitivity and resolution to provide detailed spectra
The stage has been set by the seven pulsars studied b
EGRET (Fig. 7-1), which include the brightest

Pulsar models make specific, testable predictions

Polar Cap

Geminga

PR o

=

/

outer Gap

Gamma Rays

M

! ! ! Figure 7-2 Three-dimensional simulation of the Vela
Pulsar Phase pulsar. The spin axis is vertical. The red surface is the
closed zone, the polar cap is at the base of the green
Figure 7-1 Light curve of the Geminga pulsar (period (radio) beam, and the outer gap surface is in blue. The
237 ms) observed by EGRET in gamma rays above light curve, calculated for the Outer Gap model, has
100 MeV. the same color coding.
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for all the EGRET-detected pulsars and more. Tleasible for the small GLAST error boxes. But unlike
models show that the spectral phase variations canE@RET (see Mattox et al. 1996, Jones 1998), GLAST
used to reconstruct the pulsar acceleration process afgb has the exciting capability of directly finding
probe the physics of these unique accelerators tipatisations, independent of radio or X-ray results.
produce beams of electrons, positrons and oth@LAST will be able to detect pulsations in essentially
particles to multi-TeV energies. Multi-GeV sensitivityall of the unidentified EGRET sources, if they are radio-
is particularly important for this work; Figure 7-3 showsjuiet pulsars (McLaughlin & Cordes 2000).

how GLAST's vastly improved sensitivity in this  EGRET just scratched the surface of what is to be
regime can use the shape of the high-energy cutoffléamrned about pulsars from high-energy gamma rays,

discriminate between competing models. but the EGRET results allow confident projection to
the much higher sensitivity of GLAST. The ability to
107 study more than the brightest handful of sources, and

to study bright sources with vastly improved photon
statistics, makes GLAST an exciting instrument for
1 pulsar astrophysics.
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Figure 7-3 Modeled high-energy spectrum of the Vela
pulsar. The highest energy EGRET point is based on 4
photons (Thompson et al. 1999). The error bars for the
two models (Daugherty & Harding 1996; Romani 1996)
are based on a one-year GLAST sky survey. GLAST
will clearly distinguish these models at high energies.

Number of Pulsars

IL
|
]
[
]
]
|
]

GLAST may detect (and study as a function ¢ H
phase) as many as 250 pulsars, approximately half | mE
which would be previously unknown in the radic J‘I_J
(McLaughlin & Cordes 2000 and Fig. 7-4). The
predictions are model dependent, but GLAST shou _‘
produce a large sample of gamma-ray pulsars. "0 5 10 15 20

Geminga is the first and most famous example - Distance (kpc)

a radio-quiet pulsar. Additional radio-quiet pulsars
including possible “magnetars” having the stronge Figure 7-4 Results of a Monte Carlo simulation of
magnetic fields yet detected, have been discoverec galactic pulsars (Gonthier et al. 2000), showing the
the hard X-ray band (Vasisht & Gotthelf 1997 number of pulsars as afunc_tlon of distance from Earth
Kouveliotou et al 1998). Harding & Zhang (2001, §4 that are detectable by radio surveys (blue), and the
. o subsets of those detected radio pulsars that are
propose that the unidentified, ste_ady, sqft-spectru detectable by EGRET (pink) and by GLAST (red),
EGRET sources appar_ently aSSOF'ated \_N'th t_he Gol assuming gamma-ray luminosity predicted by the polar
Belt could be pulsars viewed outside their radio bear ¢ap model of Zhang & Harding (2000). Also shown
and near the edge of their gamma-ray beams. Acare are the numbers of radio-quiet pulsars detectable as
census of these non-radio pulsars is crucial point sources by EGRET (yellow) and GLAST (green).
understanding the supernova rate and distribution GLAST will be more sensitive than radio surveys to
the Galaxy. Geminga’s pulsations were found in X pulsars at large distances (>5 kpc) and is expected to
rays (Halpern & Holt 1992), and such searches for detect more radio-quiet than radio-loud pulsars in both
ray pulsation for candidate gamma-ray pulsars will k. Polar cap and outer gap models.
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8. Cosmic Rays and Interstellar Emission

Cosmic rays, relativistic charged particles frongalactic, rather than metagalactic or universal: if the
space, have been studied since early in the twenti&@R density in the SMC were as great as in the relatively
century. Even so, the question of the origin of cosminearby LMC, it would have been strongly detected by
ray (CR) nuclei remains only partially answered, witEGRET.
widely accepted theoretical expectations butincomplete A number of SNRs are reported to be coincident
observational confirmation. GLAST has the potentialith EGRET sources (e.g., Romero et al. 1999). In
to be the first instrument to detect the production sitgeneral, these SNRs exhibit OH-maser emission (Green
of CR nuclei, long believed to be supernova remnargs al. 1997), have relatively flat radio spectra (Green
(SNRs). Through observations of diffuse gamma-ray998), have thermal-composite X-ray morphologies
emission produced by interactions of CRs witfRho 1995), and have gamma-ray photon spectra with
interstellar gas and photons, GLAST also will be differential spectral indices of about two, which
powerful instrument for study of the distribution of CRs
within the Milky Way and in external galaxies.

Theoretical models and indirect observational
evidence support the idea that Galactic CRs are
accelerated in the shocks of SNRs with spectra ranging
up to about 10 TeV on time scales of orde+10* yr 10°
(Lagage & Cesarsky 1983; Drury et al. 1994; Baring
et al. 1999). Later, after the CRs escape from SNRs,
they diffuse through relatively small regions of the
Galaxy, trapped by the Galactic magnetic fields
(Berezinskii et al. 1990). Since CRs gradually leak
out of the Galaxy on a time scale of about 20 Myr
(Connell et al. 1998) and since the energy content in
Galactic CRs is more or less in a state of equilibrium,
roughly 10% of the 1®erg of kinetic energy of a SNR
must be transferred to CRs to maintain this equilibrium
(Parker 1969; Blandford & Eichler 1987; Lingenfelter
1992). Furthermore, because the energy dependence
(actually rigidity dependence) of the residence time of
CRs in the Galaxy varies ds°5, and since the
differential spectrum of the CRs observed at Earth is
proportional td=27, the differential spectra of the CRs
accelerated by SNRs are expected to be approximately
proportional toE21,

108

[ph cm?s'sr' MeV"]

10"

8.1 Recent Results

Important advances in understanding CRs in the
Milky Way were made with EGRET. The detection in 1072 :
the Milky Way of the broad spectral feature at 68 MeV, 00

IR
10000
called ther® bump, from the decay of neutral pions Energy [MeV]
produced in nucleon-nucleon interactions (Hunter et

al. 1997), provided direct evidence of the presence dfigure 8-1 Spectrum of the inner Milkyway (|| < 60,
CR nuclei (Fig. 8-1). The detection of gamma-raylPl < 10) observed by EGRET (Hunter et al. 1997).
emission from the Large Magellanic Cloud (LMC, The electron-bremsstrahlung (EB), inverse Compton

1000

Sreekumar et al. 1992), and the non-detection OQC), [EEIPIE Eliae (D), emdl 0 BEEe ([, G20
nucleon-nucleon) components from the model of

gamma-rays from the Small Magellanic Cloud (SMC’Hunter et al. (1997) are indicated. Tha® component
Sreekumar et al. 1993) proved that cosmic rays arg clearly evident.
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suggests that the SNRs are interacting with molecukarcelerated to similar energies as the electrons.
clouds and that the gamma rays are produced by the One unexpected finding from EGRET was the so-
interaction of CRs with these high-density cloudsalled GeV-excess, a systematic underprediction of the
However, these results are uncertain because the angsilgrer-GeV intensity by models based on the local
resolution of EGRET is too poor to determine, e.gspectrum of cosmic rays (e.g., Hunter et al. 1997; Fig.
whether the sources are actually neutron stars creaetl). This is not due to a calibration error, or an error
during supernova explosions rather than diffuse in the calculation of gamma-ray production (Mori
nature, and because the photon statistics available frd@97), or unresolved pulsars (Pohl et al. 1997). Pohl
EGRET data are insufficient to determine whether tl& Esposito (1998) pointed out that the effect could be
spectra havet features. Furthermore, TeV gammaexplained by the expected non-uniformity of CR
ray observations with atmospheric Cherenkoslectrons which results from their acceleration near
telescopes (810) indicate that the hard gamma-raypernova remnants and their relatively rapid energy
spectra observed in the EGRET energy range may tmises. Their suggestion is that the CR electron
extend to higher energies (Buckley et al. 1998).  spectrum is softer than average in the solar vicinity.
Although the results of the EGRET observations ]
of SNRs are somewhat ambiguous, recent X-ray afie? Advances with GLAST
TeV gamma-ray observations of SN 1006 (Koyama et
T 1) el acelraton by SNR wouldbeheuy
are acce)lleratgd to very high energies in the shocks?? CRs interacting in an interstellar cloud at the shell
SNRs. Some of the X-ray emission of these you of the SNR. GLAST offers the prospect of resolving

R sources, distinguishing shell emission from
SNRs seems to be produced by the SynChrotr%mpact sources of gamma rays (Fig. 8-2), as well as

radiation of electrons that have been acceleratednt]%asuring the spectral signatura®tiecay on top of
tehneir%l:zs of 1|0._100 T?V or molre. to(;] f[heﬂ;slssurgpl)\;u [bctron bremsstrahlung and inverse-Compton emission
a nuclel are aiso accelerated in these %m CR electrons associated with SNRs (see Fig. 8-3

estimates of the total energies of the CR particles APPEAT . minimalist case: nature may provide much more
to be consistent with the total CR energy expected peerr '
a

SNR. Although EGRET did not detect gamma-r ominent pion bumps in many SNRs),

. . e Detection of therm® bump in a SNR-cloud
emission from SN 1006, its Upper limit for the .ﬂwﬁnteraction region would also permit the determination
does not exclude the possibility that nuclei are

The conclusive observational signature of CR

21-cm Continuum EGRET Data GLAST Simulation

X-ray Source

Galactic Latitude

79° 78° 77°
Galactic Longitude

Figure 8-2 Radio continuum emission of the Gamma Cygni SNR at 1.4 GHz from the (Canadian Galactic Plane
Survey, English et al. 1998 compared with EGRET observed and GLAST simulated images > 1 GeV. The dashed
circles indicate the location of the shell of the SNR (Higgs et al. 1977). An X-ray source suspected to be a gamma-
ray pulsar (Brazier et al. 1996) is shown as an asterisk . Inthe GLAST model of data from a 1-year sky survey, the
EGRET flux has been partitioned between the pulsar and a region at the perimeter of the shell where the CRs are
interacting with an ambient interstellar cloud.
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P ~ T of relative number densities of CR nuclei and electrons.
107 :|r Spectrum of IC 443 37 (The spectrum of CR electrons can be determined from
: _‘F 1 models of the nonthermal bremsstrahlung or inverse-
- 1 Compton gamma-ray emission or of the radio
synchrotron emission.) At Earth, the number density
Tl =3 1 of CR nuclei is about one hundred times larger than
Tl 1 the density of CR electrons near a kinetic energy of 1
ANFSRAN 1 GeV (Meyer 1969). This ratio is also consistent with
4 models of particle acceleration in SNRs (Bell 1978;
1 Baring et al. 1999). Therefore observations with
RS 1 GLAST could provide additional evidence that Galactic
o “>t 1 CRs are predominantly accelerated in SNRs.
e T T LI In addition, GLAST observations of remnants such
10 10 10 10 10 . .
Energy (MeV) as SN 1006 will measure the inverse-Compton spectra
. produced by electrons that have energies ~0.2-2 TeV.
Figure 8-3 Model gamma-ray spectrum for These data combined with radio (electron energies
?lNR Ic 44"; adapted from Bdarlng et al. (1f999) ~1-10 GeV) and X-ray (electron energies ~10-100 TeV)
lllustrating how GLAST can detect even a faint o noh6tr0n data, will define the broadband electron
m°-decay component. The components of the total . .
spectra of the remnants. Collectively, such data will

intensity (upper red curve) are °-decay, inverse- . i .
Compton scattering, and electron bremsstrahlung. The provide a powerful means of testing models of particle

lower red curve is the total intensity withoutre-decay ~ acceleration in the shocks of SNRs.

emission. The EGRET data for the source coincident Study of diffuse interstellar emission from the
with IC 443 (2EG J0618+2234, Esposito et al. 1996) Galactic ridge at energies below 100 MeV with GLAST
are indicated in purple and simulated measurements

from a 1-year sky survey with GLAST are plotted in

black, with 1-o error bars.

i

.
9
%
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o

Figure 8-4 Simulated map of the LMC in >100 MeV gamma rays from a one-year sky survey with GLAST together
with an IRAS 100um map at the same scale. The simulation is based on a model of the LMC by Sreekumar (1999)
and also includes foreground diffuse emission from the Milky Way and an isotropic background consisting of a
distribution of faint point sources. The infrared map traces the extent of the LMC in massive star formation.
GLAST will reveal whether the CR density is enhanced in the enormous 30 Doradus star-forming region, the
bright knot of infrared emission in the IRAS map.
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may resolve the question of the origin of diffuse har (25 . . . . .

X-ray emission. Yamasaki et al. (1997) propose th ~
ASCA observations of the inner Galaxy can b _,f 020
explained by continuous production of low-energ E
cosmic-ray electrons by SNRs. A
GLAST will also be able to study CR productior = e
and confinement processes in other galaxies. Althou %
the LMC is the only normal galaxy other than the Milky 7 0.10
Way that has been detected with EGRET (as i €
unresolved source), GLAST should resolve gamm g 0.05
ray emission from the LMC (Fig. 8-4) and other Loce £
Group galaxies, such as the SMC and M31 (Fig. 8-¢ . . . .
and should easily detect starburst galaxies, such as N 3000 2000 -1000 O 1000 2000 300°
253 and M82 (Blom et al. 1999). Resolving spectr. Offset along Major Axis

variations in, say, the LMC, would increase confidenc~

in the explanation of the GeV excess observed in t E?gg\/&gm:fgqugaﬁfomt;ﬁg zzf!ﬁ osfum‘zl \Iv?trh
Milky Way (§8.1). g y year sky survey

. . GLAST together with an optical image at the same
GLAST will also advance understanding of the angular scale. The intensity profile was derived from

dense interstellar medium. The diffuse gamma-ré 3 model for the diffuse gamma-ray emission of M31
emission from interstellar clouds illuminated by CR itself, along with foreground Galactic diffuse emission
has proven to be one of the most direct and reliat and faint background point sources. The emission
tracers of their masses. Dense, star-forming interstel model for M31 was derived from the distribution of
clouds are largely cold Hwhich is very difficult to interstellar gas (Dame et al. 1993) and an assumed flux
detect directly. The 2.6-mm line emission from th 0f 1.0x 10° cm?® s* (> 100 MeV), consistent with the
J = 1-0 rotational transition of CO is a widely-observe UPPer limit of Blom et al. (1999).

EGRET (Phases 1-5) GLAST Sky Survey

T !:;T"

Galactic Latitude

'50 =L L 1 L | L im I L s
85° 80° 75° 70°85° 80° 75° 70°
Galactic Longitude

Figure 8-6. Diffuse gamma-ray emission and point sources near the plane in Cygnus comparing EGRET
observations with GLAST simulation (> 100 MeV). In confused regions like Cygnus, several EGRET point sources
are seen against massive molecular clouds that may be a spur of a spiral arm viewed end on. The simulated
GLAST image is for a 1-year sky survey. The bright point sources are assumed to be the same as in the 3EG
catalog (Hartman et al. 1999, indicated with crosses) and the diffuse emission is assumed to follow the model of
Hunter et al. (1997). GLAST will likely resolve much more structure in the diffuse emission and better determine
the number and position of the embedded point sources.
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indirect tracer of molecular hydrogen, and gamma-raiolecular clouds.
observations are useful for calibrating the relationship On larger scales, GLAST will help untangle the
between CO and H diffuse emission from point sources (Fig. 8-6).
The low instrumental background of EGRET madEstimates based on EGRET data suggest that
it the first gamma-ray telescope to be well suited unresolved pulsars, for example, could account for
these studies, but the poor angular resolution ar@0% of the diffuse intensity above 100 MeV (Hunter
statistics have limited the number of regions that ca al. 1997; Pohl et al. 1997; McLaughlin & Cordes
be studied to a few nearby clouds, notably Ophiuch@800).
(Hunter et al. 1994), Orion (Digel et al. 1995; Digel et In summary, GLAST will (1) prove whether or not
al. 1999) and massive clouds in the Perseus arm (Dialactic CR nuclei are predominantly accelerated in
et al. 1996), the next spiral arm outward from the sol&NRs, (2) determine the shape of the CR spectra,
circle. With GLAST data, spatial variations of CR fluxX3) determine if similar CR processes are at work in
(i.e., spatial variations of gamma-ray spectra) will bether galaxies, and (4) offer a unique contribution to
distinguishable from variations in the column densitghe study of the interstellar medium of the Milky Way.
of gas for the first time on angular scales smaller than

9. Solar Flares

Since the early 1970s solar flares have been knospeculation that particles either were impulsively
to produce gamma rays with energies greater thaocelerated and then efficiently stored in the loop, or
several MeV. The production of gamma-rays ithey were accelerated for several hours. Spectral
understood to involve flare-accelerated charged-partidkatures suggest that both primary electrons and protons
interactions with the ambient solar atmosphere (sewgre involved. Moreover, the time evolution of the
e.g., Ramaty & Murphy 1987; Hua & Lingenfelterspectrum suggests continuous acceleration, since the
1987). Bremsstrahlung from energetic electroredectron component was so long lived.
accelerated by the flare or from the decaymof Whether all flares produce emission with extended
secondaries produced by nuclear interactions yieldsrations is not known. In fact it has been suggested
gamma rays with a spectrum that extends to the enerdlest only flares larger than some threshold exhibit long-
of the primary particles. Proton and heavy ioduration emission. This conjecture is based on the idea
interactions also produce gamma rays thradgtecay, that in a large coronal loop, the time for the diffusion
resulting in a spectrum that has a maximum at 68 Ma)f energetic particles out of the loop is comparable to
and is distinctly different from the bremsstrahlunghe acceleration time by stochastic acceleration through
spectrum. MHD turbulence in the loop. Unless the loop is

The processes that accelerate the primary particksficiently large, the particles diffuse out the sides
are not well known. Two that have been discussééfore attaining sufficient energy to create pions.
frequently in the literature are stochastic accelerati
through MHD turbulence and shocks (Ryan & Le _
1991; Forman et al. 1986). Particle acceleration
thought to occur in association with large magnet
loops that are energized by flares. For most flares t
particles are trapped in a loop and their interactiol
near the loop footprint generate gamma ray
(Mandzhavidze & Ramaty 1992a,b).
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9.1 EGRET Observations
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EGRET observed very intense flares that occurr 10 10! 162 10
in June, 1991. The emission continued for sevel
hours, and photons with energies ranging up to 2 G«
were detected (Kanbach et al. 1993; Schneid etal. 19 Figure 9-1 The extraordinary solar flare of June 11,
Fig. 9-1). The long durations and high energies led 1991 was the best example observed by EGRET.

Energy, MeV
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9.2 Contributions from GLAST Pt

GLAST will contribute in several ways to resolving
the questions about where the acceleration takes plac
and the processes involved. For large flares with high
energy emission extending to 1 GeV, GLAST will be
able to image the sites of the acceleration to less tha
5, which will reveal whether they are point-like or
extended. (The loop size is often comparable to the
solar radius.) GLAST’s sensitivity to much smaller
solar events will reveal if they produce the same long-
duration emission as the large events.

LAT’s sensitivity and dynamic range offer
significant improvements for studying flare spectra and
their time evolution. Electrons with energies as greal
as 50 MeV are not uncommon, but the emission from
these particles tends to be short-lived in many flares.
The gamma-ray spectrum in this case is a power I Figure 9-2 Initial spikes in the June 1991 flares
from bremsstrahlung interactions. Asharp break in tl completely saturated the EGRET anticoincidence
spectrum would be strong evidence for an accelerati system for hours (Kanbach et al. 1993).
mechanism involving electric fields. If protons are
accelerated, the spectra will have evidenca®bamp rays interacting in the ACD (811). Turning off the outer
at 68 MeV. Since the rate of energy loss by electrongasvers and the upper detector layers of the towers are
much larger than for protons, the relative time scaléging considered.)
of electron anat® spectral variations indicates whether The GBM will provide wider field-of-view
trapping or extended acceleration is responsible foronitoring of solar flares, and permit study of the
long-duration flares. evolution of flares simultaneously across the several

Instrumental deadtime has an important impact d&eV-GeV energy range. It will also detect nuclear line
studies of solar flares, because the flares can be intemgeission from cosmic rays accelerated in flares.

The initial spikes in the June, 1991 flares completely GLAST will be launched near the minimum of the
saturated the EGRET anticoincidence system for howwlar cycle, and the frequency and intensity of solar
(Fig 9-2). GLAST will have much greater immunityflares will increase throughout most of the planned five-
from saturation, with a deadtime three orders gkar mission. If the goal of a 10-year mission life is
magnitude less than EGRET, and will be able to studghieved, GLAST will operate for nearly the entire
the initial, impulsive phase of flares. (For particularlgluration of solar cycle 24 (Fig 9-3). During this time,
intense flares, special operating modes may need to®eAST will be the only high-energy observatory to
established even for GLAST to limit the rate of triggersomplement several solar missions at lower energies:
from gamma rays and to mitigate the effect of hard YSTEREO, Solar-B, and Solar Probe.
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Figure 9-3 GLAST will be able to study solar flares throughout Cycle 24. The sunspot predictions were made by
IPS Radio and Space Services (http://www.ips.gov.au/). The estimated uncertainties are indicated.
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10. Complementarity with Ground-Based Experiments

High-energy gamma rays can be observed from thellecting areas are being increased.
ground by experiments that detect the air showers they Several major new facilities are under development.
produce in the upper atmosphere. Air shower arraybese new Cherenkov telescopes are built on the
directly detect the particles (electrons, muons, asdiccessful tradition of the Whipple, CAT,
photons) in air showers, and atmospheric Cherenk®ANGAROO, and HEGRA experiments. Three such
telescopes (ACTs) detect the Cherenkov radiatiaelescopes, designed as arrays of 10-meter class mirrors
created in the atmosphere and beamed to the groundth fine pixelized imaging cameras, are in the
In the last decade, ground-based Cherenkaevelopment stage: VERITAS (Bond et al. 2000) in
telescopes have made great progress, both in technibalnorthern hemisphere and HESS (Kohnle et al. 1999)
and scientific terms. (For a recent review, see Omrgd CANGAROO-III (Mori et al. 2000) in the southern
1998.) On the technical side, atmospheric Cherenkbgmisphere. Another observatory, MAGIC, planned
telescopes have demonstrated that a high degregabegin operations in summer 2001 at La Palma on
gamma/hadron discrimination and a source locatidhe Canary Islands, will consist of a single 17-m mirror
accuracy of 18-30 (depending on the source strengthiMartinez et al. 1999). Construction of HESS started
can be achieved based on the detected Cherenkofugust, 2000, and operations with limited capability
image. The Crab nebula, which has been shown todr@ expected to begin in 2002. Construction of
a standard candle source at very high energies, cafd®NGAROO-III started in April, 1999, and the
detected with high statistical confidence in less thanstrument is expected to be fully operational in 2004.
twenty minutes of observation. The single-photoRigure 10-1 shows a comparison of sensitivities of the
angular resolution achieved by the state-of-the-art ACVarious instruments.
such as Whipple, CANGAROO, CAT, and HEGRA Ground-based detectors, particularly the imaging
approaches 02labove 500 GeV. Cherenkov telescopes have very large collection areas
The technical advances in ACTs have led tg-1C® cn¥), excellent angular resolution, and good
important scientific results. Now at least seven gammenergy containment at very high energies (26 radiation
ray point sources have been detected with higéngths). Owing to their large collection areas, they
statistical significance at energies above 250 GeNave the capability of detecting very short flares from
These sources include three pulsar nebulae (Crab, Vislaown sources, e.g., variations on 15-minute timescales
and PSR B1706-44) and four extragalactic AGNs @f Mrk 421 (Gaidos et al. 1996). These detectors also
the BL Lac class (see 83). Recently, a tentativeve limitations, including low duty cycles (10%),
detection of the supernova remnant SN 1006 wamall fields of view (<5), systematic energy and
reported (Tanimori et al. 1998); if confirmed, this resultensitivity calibration uncertainties, and poor
could be important for understanding the origin afapabilities for observations of extended, randomly
cosmic rays (88). located, rapidly flaring events (e.g., gamma-ray bursts),
The field of ground-based gamma-ray astrononor diffuse sources.
is growing quickly and a number of new experiments In contrast, GLAST has a very large field of view,
are under construction or in the proposal stagkigh duty cycle, and a wide energy range from 20 MeV
MILAGRO is a large, water Cherenkov detector thab 300 GeV with excellent energy resolution and low
is the first air shower array to operate at energies belgystematic energy calibration uncertainties. Thus,
1 TeV (Atkins et al. 2000). Beginning initial operation§SLAST will operate in fundamentally complementary
in 1999, MILAGRO is making the first all-sky surveymanner. GLAST will provide the ground-based
at very high energies. The STACEE (Chantell et adbservers with alerts for transient sources (§11), and
1998) and CELESTE (Quebert et al. 1997) experiment®e new imaging Cherenkov telescopes are being built
use large heliostat mirrors at solar energy facilities to slew within a few tens of seconds following
collect a much larger fraction of the Cherenkonotification. GLAST's observations of steady sources
radiation in gamma-ray air showers than conventional the highest energies will be used to reduce the
Cherenkov telescopes. The large collection areas nsgsgtematic errors in the sensitivities of the ground-based
allow these experiments to make ground-basethservatories.
observations in the range 50 GeV to 250 GeV. Both For individual point sources, ground-based
observatories have detected the Crab and thaistruments have unparalleled sensitivity at very high
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Figure 10-1 The predicted sensitivities of a number of operational and proposed ground-based Cherenkov telescopes
for a 50-hour exposure on a single source. EGRET, GLAST, and MILAGRO sensitivities are shown for one year
of all-sky survey. HESS is projected to have a threshold of 40 GeV and a sensitivity approximately 10 times
greater than HEGRA. Note the excellent overlap region between GLAST and future Cherenkov telescopes, which
will allow accurate energy and sensitivity calibrations to be made for the ground-based instruments in the 50-500
GeV energy range, for example via contemporaneous observations of the Crab Nebula.

energies (above 50-250 GeV), with the ability t&BL from microwave to optical wavelengths.

resolve shorter-duration flares. For many objects, full In summary, ground-based gamma-ray experiments
multiwavelength coverage over as wide an energy rargteady a number of astrophysical sources that are of
as possible will be needed to understand the acceleratielevant to the scientific goals of GLAST, and in a
and gamma-ray production mechanisms. In additiocomplementary manner. These experiments have made
at energies above ~10 GeV the spectra from distagnificant progress over the last ten years. The success
AGNs may be cut off due to absorption by thand continued development of the ground-based very
extragalactic background light (83). Spectratigh-energy gamma-ray astronomy greatly enhance the
measurements by both GLAST and ground-bassdientific merits and rationale for GLAST and vice
instruments will be needed to measure these absorptiegsa.

effects accurately and so measure the spectrum of the
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11. Instrument Development

11.1 Large Area Telescope and is well-matched to the requirements of high
detection efficiency (>99%), excellent position
The primary interaction of photons in the GLASTesolution (<6Qum in this design), large signal:noise
energy range with matter is pair conversion. This.20:1), negligible cross-talk, and ease of trigger and
process forms the basis for the underlying measuremggi{dout with no consumables. The calorimeter in each
principle by providing a unique signature for gammgywer consists of 8 layers of 12 Csl bars in a hodoscopic
rays, which distinguishes them from charged cosmigrangement, read out by photodiodes, for a total
rays whose flux is as much as®Ifines larger, and thickness of 10 radiation lengths. Owing to the
allowing a determination of the incident photomgdoscopic configuration, the calorimeter can measure
directions via the reconstruction of the trajectories @fie three-dimensional profiles of showers, which
the resultinge’e pairs. permits corrections for energy leakage and enhances
This technique is illustrated in Figure 11-1the capability to discriminate hadronic cosmic rays.
Incident radiation first passes through afhe anticoincidence shield, which covers the array of
anticoincidence shield, which is sensitive to chargggyers, employs segmented tiles of scintillator, read
particles, then through thin layers of high-Z materigjyt by wavelength-shifting fibers and miniature

called conversion foils. Photon conversions aighototubes. Basic specifications for the LAT are given
facilitated in the field of a heavy nucleus. After § Taple 11-1.

conversion, the trajectories of the resulting electronand The instrument design is based on detailed
positron are measured by particle tracking detectogpmputer simulations, validated with tests of prototype
and their energies are then measured by a calorimeter.

The characteristic gamma-ray signature in the LAT i Some Dimensions are Distorted

therefore (1) no signal in the anticoincidence shiel Complote GLAST forClrty of resentten

(2) more than one track starting from the same locati 4x4 Arroy of Towers_|——1.68m —|
within the volume of the tracker, and (3) ar ‘ /
electromagnetic shower in the calorimeter.

The baseline LAT is modular, consisting of a4 Gamma
array of identical towers (Fig. 11-2). Each»440 cn# ke
tower comprises a tracker, calorimeter and da —— ' y ‘ Ultralow Mass
acquisition module. The tracking detector consists* - /" Tray Backbone
18 xy layers of silicon strip detectors. This detectc -
technology has a long and successful history !
application in accelerator-based high-energy physic
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Figure 11-2 The LAT instrument, exploded to show
the detector layers in a tower, the stacking of the Csl
logs in the calorimeter, and the integration of the

Figure 11-1 Principle of a pair conversion telescope. ~ Subsystems.

calorimeter
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Table 11-1 LAT and GBM Resource Requirements ~ SPecifications are given in Table 11-1. (The actual
configuration will be finalized when the spacecraft has

LAT GBM been selected; 812.2.) The Nal detectors are sensitive

in the lower end of the energy range, from a few keV

to about 1 MeV and provide burst triggers and locations.

Power 520 W 18w The BGO detectors cover the energy range ~150 keV

4 Kbps (9 Kops if to ~30 MeV, providin_g a good overlap with the Nal at
triggered data) the lower end and with the LAT at the high end.

GRBs will be detected by a significant change in

towers at particle accelerators. A complete softwaf@unt rate in at least two of the Nal scintillators; the
model of the instrument, including gapsjtrigger algorithm will be programmable. Time-tagged
uninstrumented structural material, noise, inefficienci€yent data (with Jus resolution) will be recorded
and other real-world effects, was constructed using tR@ntinuously to provide ~50 s of pretrigger information
object-oriented C++ GISMO toolkit. The computefor GRBs. After a trigger, the GBM processor will
model was used to generate simulated instrument d&@lculate preliminary position and spectral information
and then to develop realistic reconstruction algorithn#®r telemetry to the ground and possible autonomous
The simulations were used to (1) demonstrate tF@Pointing of GLAST. The GBM is projected to detect
necessary background rejection performance of thé00 GRBs per year.

instrument, (2) produce realistic triggering and readout

schemes, and (3) evaluate and optimize the performa
of the instrument (effective area, angular resolutio
etc.) after all background rejection cuts and instrumen
effects have been taken into account. Accelerator te
of increasingly sophisticated prototype towers wel
made at the Stanford Linear Accelerator Center (19
and 1999/2000) and the European Organization f
Nuclear Research (CERN) in 1999.

The LAT is self triggered; events that cause detect
hits in three planes automatically trigger readouts
each tower and the anticoincidence system. Efficie
rejection of the charged particle background, which
thousands of times more intense than the celest
gamma-ray radiation, is essential for GLAST tc
function. (On-orbit, the expected raw trigger rate wi"

average a few kHz, and the rate of celestial gamr two BGO on the GLAST spacecraft. The actual

rays will 'F’e a'few Hz.) The 'an.ticoir?ciFjence sy§tem mounting scheme will be defined when the spacecraft
only the first line of defense in identifying cosmic ray: gesign is selected.

that trigger the telescope. As described above, frc...
simulations, other discriminators against charged

particles have been developed to further reduce the
background level. Some of the discriminators will be

applied onboard to reduce the trigger rate to the ~30
Hz rate that can be stored and downlinked (812).

Mass 2600 kg 55 kg

Telemetry Rate

300 kbps
(Avg)) P

Figure 11-3 Schematic layout of the twelve Nal and

11.2 GLAST Burst Monitor

The GBM will include two sets of detectors: twelve
sodium iodide (Nal) scintillators, each 12.7 cm in
diameter by 1.27 cm thick, and two cylindrical bismuth
germanate (BGO) scintillators, each 12.7 cm in
diameter and 12.7 cm in height. A schematic mounting
scheme is shown in Figure 11-3, and basic
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12. Mission Overview

12.1 Operations Throughout the mission, autonomous and

_ _ commanded pointings will be supported for slewing
GLAST is planned for launch in September 200fward GRBs detected onboard and for observing

and has a design lifetime of five years, with a goal @4rgets of opportunity declared from the ground. For

ten years for operations. After initial operationatRas, the slewing requirements and durations are still
checkout, the first year of the mission will be devotegking defined.

to a scanning, all-sky survey. For the remainder of the At the end of operational life, the observatory will

mission, GLAST will make pointed observations. Th@ndergo a controlled reentry for safe ocean disposal.
observing program, with targets selected by peer review

of guest observer proposals, will be uploaded to ti&.2 Development Schedule

spacecraft. _
To optimize observing efficiency during the sky The high-level development schedule for GLAST

survey, the instrument will be pointed in the zenit}§ Shown in Figure 12-1. The Mission Concept Review
direction and rocked north-south periodically bygs° ~ (September 1998) and System Requirements Review
to cover the poles of the orbit and east-west to fill ip€Ptember 2000) have been passed. The Non-
observing gaps around the South Atlantic Anomaly. ﬁ,dv_ocate Review scheduled for summer of 2001 will
this way, the entire sky will be surveyed every two orbif€9in the approval process for a NASA new start. The
and the exposure will be quite uniform, even on tinfd90ing instrument development leads the spacecraft
scales as short as one day. During the pointed phas#®f€lopment. Spacecraft development begins in FY
the mission, targets will be multiplexed to the exter002; allowing a 3-year development, integration, and
possible in order to minimize the time lost to eartfgSt Phase.

occultation.
GLAST Development Schedule
Date FY1999 | FY 2000 FY2001 | FY2002 |FY2003 FY 2004 FY 2005 FY 2006
Tasks
| Formulation Implementation |
Project Flow I I I I I
[ Phase A Phase B Phase C/D PhaseE |
SPR NAR A A Inst. Del.
A SRR Al PDR A ACDR APER
Project Indepe fdent A\New Start PSR A ALAuncH
Milestones Assessment
—1
Flight IAnStr'A A Instr. Belection
Instruments [Long Lead Procurements]
[ Design Build 1&T |
Spacecraft [ S/C Acfom.Study —
/\ S/IC RFO MSI &T
SIC Accom.Study [] — A\ $/C Selection
S/C Acco mStudy I Design Build 1&T I
Ground System [ Design Build | &T |
I I I
November 2000

Figure 12-1 Highlights of the GLAST development schedule.
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12.3  Organization Agenzia Spaziale Italiana (Italy)

Overall mission management is being provided jy = Centre d'études nucléaires de Bordeaux
NASA/GSFC. The LAT is managed at Stanforg Gradignan (France)
University/Stanford Linear Accelerator Center and s  College de France (France)

a joint development with NASA, Department of Energy =~ Commissariat a 'Energie Atomique (France)
(DOE), and international organizations. The Scienge ECole Polytechnique (France)

Working Group that advises the project on science and Hiroshima University (Japan) _
operations issues includes representatives from the LIAT Institut National de Physique Nucléaire et de
and GBM teams, DOE, NASA, internationa _ Physique des Particules (France)
institutions, and interdisciplinary scientists selected py 'nstitute for Cosmic-Ray Research (Japan)
competitive proposals. Institute for_ Space and Astronautical

The principal investigator of the LAT is Pete ~ Science (Japan)

Michelson (Stanford University). Withinthe U. S., the ~ "Stituto di Fisica Cosmica — CNR (ltaly)
principal institutions participating in the developmerjt ~ "Stituto Nazionale di Fisica Nucleare (ltaly)
of the LAT are Stanford University/Stanford Lineaf NASA/Goddard Space Flight Center
Accelerator Center, which besides managing the project R0yal Institute of Technology (Sweden)

will be responsible for the integration and testing ¢f Sonoma State University

the instrument, University of California, Santa Cruz, Stanford University/Stanford Linear

which is managing the design and construction of the Accelerator Center

tracker, NASA/GSFC, which is responsible for the ~Stockholms Universitet (Sweden)
anticoincidence detector, the US Naval Researth 16XasA&M University-Kingsville
Laboratory, which is contributing to the design of the Y- S- Naval Research Laboratory
calorimeter, and Sonoma State University, which s University of California, Santa Cruz

leading the education and public outreach effort. The University of Rome (ltaly)

international partners are France (with contributions University of Tokyo (Japan)

to the design and construction of the calorimeter), Jagan University of Trieste (ltaly)

(Si strip detectors), Italy (tracker assembly), and University of Washington

Sweden (Csl logs for the calorimeter). Institutio
participating in the LAT collaboration are listed in Tabl
12-1.

The principal investigator of GBM is Charles
Meegan (NASA/MSFC). The co-Pl is Giselher Lichtthe Kennedy Space Center into a 288lination, 550
(Max-Planck-Institut fur extraterrestrische Physikkm altitude circular orbit (for which the 2920 has a
Germany). Institutions participating in the developmed60 kg mass to orbit capability).
of the GBM are NASA/MSFC, the University of  The spacecraft will provide both communications
Alabama in Huntsville, and the Max-Planck-Institut fuat both S-band and X-band frequencies. The S-band
extraterrestrische Physik, which is providing the Naystem will have nearly-omnidirectional coverage to
and BGO detectors. support communications with the ground for command

The Science Support Center (SSC) for GLAST willplinks and with the Tracking and Data Relay Satellite
be located at NASA/GSFC. The SSC will support th8ystem for sending alerts about transient sources and
guest observer program and provide public accessréseiving target of opportunity commands. Science and
GLAST data products, analysis software, and proposalusekeeping data will be accumulated in a 50-Gbit
preparation tools such as observation simulators. Té@id state recorder and downlinked daily to a shared
operation of the SSC will be overseen by a GLASground station using X-band with a gimbaled high-gain
Users Group representative of the high-energyntenna. An onboard solid-state recorder will have
astrophysics and particle physics communities. capacity for 36 hours of flight data.

Absolute time (to better than 10 ms) and precision
12.4  Launch Vehicle and Spacecraft determination of orbit position will be provided by
%obal Positioning System receivers. Star trackers will
provide pointing knowledge to 1(q1-o radius) even
while the spacecraft is slewing for the sky survey.

Table 12-1 Institutions Participating
in the LAT collaboration.

The launch vehicle used for design is the Delta 29
with a 10-foot fairing. GLAST will be launched from
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