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Gamma-Ray Astrophysics

A new view of the high
energy gamma-ray
sky with the Fermi

NETIC SPECTRUM
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Telescope ? * a&, o ;

Juile McEnery | R
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T e
*  Ths Farmi energy range falis at the energetic end of this scale!
* Very snergetic photons require even more energstic particles to
produce them ~ HE gamma-ray astrophysics does not probe iulet
parts of the Universe,
- High energy gamma-rays explore nature’s accelerators - “Where the
energetic things are”

= natural connactions to UHE cosmic-ray and neutrine astrophysics
Julia MeEnary

see hitp:/fermi.gsfe.nasa.gov/ and

links therein

Jirlia McEnery 1

The EGRET Gamma-Ray Sky Fermi instruments

Exgaue

Large Area Telescope (LAT):
e

"4 20 MeV - >300 GeV (including
z unexplored region 10100 GeV)

* 2.4 st FoV (scang entire sky pvery
~3hrs)

Gamma-ray Burst Monitor (GBM)
+8keV - 40 MeV
* views entire unoaculted sky

Launched June 11, 2008!

PHE 6578454

” 7 AN
Coxmic gy Ji N

intaractte AR iz s cimrana « Large leap In all key capabilitles, transfarming our knowledge
of the gamma-ray universe, Great discovery potantial,
Jtills MeBnary 3
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Launch!

* Launch from Cape Canaveral
Alir Station 11 June 2008 at
12:05PM EDT

«  Gircular orbit, 565 km altitude
{96 min period), 25.6 deg
inclination.

Jutle McEnary

The Fermi Large Area Telescope

Overail LAT Design: Y
« A areay of dentical lowers ! Tracker

~ 3000 kg, 656 W (allocation)
ctBmx1Emwidm

Breclaiun G-

18 XY tracking planes. 228 um pich).

High effiviancy.

Good p resotution {ang, resolution at high erengy)
12 0.03 X, frorl end => redune multiple scattering.

4 % 018 X, back-end => increase sensitivity »* GaV

Csl Galorimeter(CAL)
Array of 1536 Csi(TY) eryst 8 layers.

Hedoscopic => Cosmin ray tejection, showar lsakage
cormetion.

&5 X, == Showsr max canlained <100 Gev ]
Anticolneidencs Datector (ACD) ACD
Sagmenied (89 plastic scintiliator tiles) feurrounds

=> minimize self veto ?.;; i"“ﬁ‘! 0;
owers

Colerimeter

Systams wi h rg the flux of cosmic gamma
rays with whinrgy 20 MeV - >300 GoV.
Juile MoBrary L4

LAT Collaboration

Francs
~  CNRS/ANIP3, CEA/Saclay

ita
- INFN, A8, INAF

+ Japan

- Hirashima University

- IBABIJAXA

~  RIKEN

- Tokyo Institute of Techrology

«  Swadnn

- Reyal Institute of Tacknology (KTH)
~  Steckhotm University

< Unhed States

- Stanford University [SLAC and HEPL/Piryslog}

Pl Pater Michelson
{Stanford)

~400 Seienkfic Members (inciuding
35 Afilialed Seientists, plus 68
Postdoss snd 105 Students)
Coopsration betwean NASA
and DOE, with kay
intamational contributiona
from France, (taly, Japan and
Swadwn,

Project managed at SLAC,

- University of Galifornia, Sarta Cruz - Santa Sruz Institute for Particle Physics

- Goddard Space Flight Center

— Navaf Resparch Laboratory
Sonams State University

-~ The Dhlo Stata University

—  Univarsity of Washington

Jubie McErary

Lat Construction: An international effort

Integration &

Data System: US

Teacker: US, Haly, Japan

Juite MeEnory

Calorimeter: US,

France, Sweden H
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Operations and observing modes PiesZaciabls Goonpeey iy
00 M by :
i
- : LAT sanaitivity on 4
i diffarant $mescales:
£ 100 s, 1 arbit (96
soen -1 3 mins), 1 day and 1

year

*  Almost ali observatlons in survey mode - the LAT ohserves the entirs sky
every two orbits (~3 hours), each polnt on the sky recelves ~30 mins
exposure during this time.

- 25ARRs

~ & hour pointed mode ohssrvations in response to bright GB# detectad
GRB

+  Calibrations (13 hours), Enginsering (5 days)
— Very high uptime!

Julis MeEnary .

Active galaxies
Monitoring the sky

+  Automated Science Processing (ASP)
- Transient detaction: Uses source detection algorithm to find
candidate point sources In data from sach epoch (6hr, day, week)
~ Follow-up Source Characterization: Runs full likelihood analysis
on list from source defection step + “Dats Relsase Plan” ({DRPY
sources (to produce fluxes and spectra)
+  Flare Advocates:
- LAT scientists examine autput from ASP pipeline and perform
follow-up analyses. produce ATels, and propose ToOs

- Power comes from
material fatling :
towarda
supermassive
black hole

| acases

« Some of this
energy fuels a jet
of high-energy
particies that
travel at nearly the
speed of light

it McErery 4




i Multiwavelength Observations of LAT Transients in
The flaring and variable sky the Galactic Plane

+ »40 Astronomers telegrams
~ Digcovery of new gamma-
ray blazars PKS 1502+106,
PKS 1454-354...
- Flares from known gamma-

%“,’g_’ggg?&gf; s:g PKS 3EG J0903-3531 (October S, 2009y Fermi J0910-5041

- Brightened over 3 days (Dmf;bcr 15, 2000
9235s164, Pso’;fiii.‘m > - 5% above 3EG flux - Brightened over 2 days
SCEBA, PKS 0537 - XRT source plus SUMMS and AT28G

~ Galactic plane transiants: candidate counterpart

JG910-5041, 3EG JOBOI-

3531, J1057-6027 Fermt J1057-6027 (June 11, 2009)

- Brightened over | day
- Coincident with known LAT source
-Hix above LAT flux

Jufio MoEnery 13 dutin 0

Gamma-ray bursts come in at least three flavors
http:/ifermisky.blogspot.com/

Collapsars: A rapidly spinning stellar core
collapses and produces a supernova. along
FERME GAMM Y RAY SKY : With relativistic jets that can produce lang
GRBs

A Compact Mergers: Two neutron stars, or a
Livnred s i 3ias 58 svien Sty 3¢ . neutron star :n?d a b.lack holg. collufﬂe and

] merge. producing a jet that gives rise to a
short GRB

- T probasly pr

-

. PR p ots

Magnctars: Neutron stars in our Galaxy or
nearby gataxies with extremely strong
magnetic fields can give off powerful bursts
that resemble short GRBs

Jutie MeEanry 18 Juitn McErary 1
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Gamma-ray Burst Monitor

CEAm B regry

Pre—

USA {MSFC, UAH,
LANL) and Germany
(MPE)

Pl- Bl Paciesas (UAH)

Co-Pl- Jochen Grelner
(MPE)

,,:l”“l”illln-”ull-'!lll!n.x..:H,

B R R e L L T Rrau VRSV

Since July 2008, GBM has detected over 260 GRB (250/year c.f,

200/year predicted)

- Benefited from flexible onboard triggering algorithms
Also has seen three SGRs (SGR 0501+4516, SGR 1806-20 and SGR
1£1547.8-5408), >10 YGFs and a solar flare.

Jutta MeSrery

GRB090510

|
|

G EER
o

Z=0.9

Emission of 31 GeV
photon implies I, >1220
(implying that short
bursts are at least as
refativistic as long ones)
Extended {in time)
emission at higher
energies

High energy emission in
LAT starts later than the
lowar energy in GBM.

18

Gamma-ray bursts

Long GRBOS0I23 .

(>200s), radio - . M

GeV aftarglow om
T R

* 10 long and 2 short bursts delected by LAY at GeV snorgles

~ Both types of GRE show simitar phenomanaology at high energies
- 3wift XRY has detected X-ray afterglows from the 7 brightest LAT
bursts resulting in the determination nf the burst redshift/distance,

Short
BREO81024

Farmi GRES os of 090620
A L

T ""\\\Long ERAOBOTLSC
et Intense, 24,38,

|
\
© Shert GREDSO5I0 Tntense, Yo 13 Gev
, 31 Gev

Testing Einstein’s Theory of Special

Relativity

The Principle of Invarlant Light Speed ~ Light jn vacuum
propagates with the speed ¢ (a fixed constant} in terms of any
system of inertial coordinates, regardiess of the state of
motion of the light source,

Consider a race between two photons traveling a very targe
distance at sfightly different speeds. The slower photon will
arrive later.

- To de this we need
- Distant ohject
* Very bright
+ Well defined start time

To make it interesting, we want to make this test at the highest
possible photon energies.
~ Some models of quantum gravity predict that space itself
raight be distorted by effects of quantum gravity.

diskn MeErnary 2
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. . . Limits on Lorentz Invariance Violation
Limits on Lorentz Invariance Violation

« Lorentz Invariance:

* Heyristic modification of the phaton dispersion relation : - GRBO8DI16C

—c? P2 = B2 (14 HEE ) Eqp - effectiva LIV anergy scale - Highest energy, m 13,2 GeV photon, detected 16.5 sec after GBM trigger
~For B<<E,q: ciP2=£7/ 1+ HEE o 7 + OFE/E g )7 1y — Conservative lower limit on the quantum gravity mass (assumlng linear
121 or 2 In current studies RGP ~ & ( 1+ a{EiE ) energy scaling and high energy piotons emitted after GRS trigger):

+ ais Just a constant {can disappear In Eont

Mae> 1.50 x 1078 Gev/e?
+a<d! subluminal regime (high energy photons arrive later) au x GeVic

o0 superluminal regime (high energy photons arrive earlier) - GRBOSG510
~ Highest Energy, ~31 GeV pholon detected 358 ms aftar onset of GBM
« Simple case : n=1, ct<0: emissian
~ Consider a photon of energy E observed at t. Mag>1.42 x 10' GeVic? (>1.18 My, 1) « rules out many n=1
-If it belongs to the GRE, at the very least it has been emitted after the Heenarios
trigger t0.
~ Thus the maximal fime delay due to LIV Is 40 : Atettd g’,gf::;‘ . gmﬁ'?ﬁ mm;";;; mmf'ﬁ} ;f\Glgin oy CREGEOIIOC Plurck maes
-~ With a distance astimate, this resuits In'a “conservative” lower it on £, . 1 i \ [ . ' , n L ?;gnx\;%
» Indapendent of intrinsic time lags in GRBs i - v T T L N ¥ LI
e n,e:um;w LA S e 1Ax198 PR
Jutta McEnary 21 Jutie McEnary S
GRB080902B - Autonomous repoint One year Fermi-LAT Sky

* LAT pointing in celestial coordinates from -120 ¢ to 2000 ¢
— Red cross = GRB 0909028
~ Dark region = oceulited by Earth (qz>112°}
-~ Blue line = LAT FoV (+66°)

~ White lines = 20° (Earth avoidance angle} / 50° above
horizon

- White points = LAT events {no cut on zenith angle}

Over 1000 new Kigh-energy gamma-rey sources!

Jutle Mo 24 duite BaEnery 24



Pulsars New Pulsar in CTA 1

Science Express October 16 P~ 316ms

Abdo et af., 2008, Science Pdot - 3.6 x 103

Addo et al. ° (ence Charreteristle age - 10 kyr

Flux (106MeVy = 3 8% 0.2 % 107 ph -2
el

Pulse undetected in radiosX-rav

SN |

LAT 95% error radius ~ 0.038 deg
EGRET 95% ertor radius = 0.2¢ deg

« Extremely dense stars, huge magnetic fields, rapidly rotating
Unldentified EGRET sources - many are pulsars|

i MeEnery 2% Jutie MaEnwry 28

New Populations of Pulsars Connection with Higher Energy Gammas

+  Milagro (Tev)
observations (14/34
Galactic BSL sources
with 3 sigma Milagro
exress.

¢+ /14 are gamma-ray
pulsars

* Al & previously known
Milagro sources now
associated with Fermi
Puisars.)

Abdo ¢t ai 2009

Julie McEnyry Fid Juiie MoErary 78



Fermi detection of 47 Tucanae

Globular star cluster containing 23
known radio ms pulsars

3061 s
s Consistentt with Fermi
PSF for point souree

Fermi likely to be detecting the combined emission from these ms pulsars
sssuming average y-ray efficiency of ~ 10%
- Search for pulsations fram individual pulsars is ongoing

Jutte MeEnery kA

High Energy Gamma-ray spectra

*  LAT sensitivity and wide bandpass aliows the measurement of many
non power-law spectra

Lt ! Phase averaged Vel Pulsar
*\ spectrum (power-law with
K © exponential cuteff)
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3C454.3: Broken power<iaw T ©

Jutis McErary 26

Extended Sources

*  LATIis resolving the MeV-GeV gamma-ray smisslon from axtended
sources.

waq LMC

4

; s
i
g,

aast rap

Subie Motnary

LAT Energy Range

PKS 2166-304 High snergy Crab Nebula Spactrum

BN Ly o 4 1

* Joint fits between LAT {MeV-GeV) and IACTs (GeV-TeV)
*  Peak sensitivity at a few GeV for typical spectra

Justo MeErery .
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Fermi-LAT capabilities for electrons

+ 100% acceptance above 20 GeV (onboard filtering is disabied)
+ Use ACD to veto agalnst gamma-rays (<2% cantamination)
+ Transverse shower-shape in TKR and Calorimeter to

distingulish electromagnetic from hadron events

Geomerric

Groemms Mt il wef

e

actor
it

e

o
-
Fuit wictry 3 E

07 .
R Saran
ERRE e el e

ok Tays s o

Rexidnal ladran
enntamination
Juite MeEnery 33
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Two independent analyses start
from these hardware tnggers.

~ Low Enargy: 100 MaV - 50 GeV )
~ High Energy: 20 GeV~1 TaV

Update: Add the Low Energy

et
Energy GV

Meagurement
LAT has two Trigger Modes which =~
can used to measure alecirons: R - {
~ High Energy By-Paas Trigger 3 o~ !
» Tracker 3-in-g-cow Dimgnosiic v 1
Toigger "
& ot E

RESE ot w15

. o
Both measuremgmg_'ggm wi;hin’i‘.ggﬂsg cal erfng
Geomatric Factors (Accepiancs) Residual Backgro
Phydaitish e e ey hpiviiainit-aluh
e T

Rt

v 1

FUE] (Sevhim s )

Fm e e e A Radia

Fermi-LAT electron observations

T h mavovess: (rten N
s WEAT (2003 2
0 201

® M- (200N

E(E) (Gev'rm s s )

ww ~ - conventicna: difiusive model

By Py e
£ (Gav}

Fermi sees more electrons at high energies than expected which
suggests o local source, but what?

duiis MeEnary 34

What if we randomly vary the pulsar parameters
relevant for e+e- production?

linjection spectum, e+e- production ef'n!ca’ency, PWN “trapping

=

£ {Gov} [

Under reasonable assumptions, elecfron/positron emission from pulsars

offers a viable interpretation of Fermi CRE data which is
alsc consistent with the HESS and Pamela results

Jufie MzErsry 32



Want to know more? Conclusions

+ The LAT and GBM are bath working wall
+  First LAT GoV catalog (currently baing validatod/checkead) cantaing over 1000
Tiew gamma-ray sources!
~ New classex of gammia-ray sources (millisecond pulsars, gamma-ray
bimavies, globular clusters, starburst galaxies.. ]
- field of gamma-ray astrophysics is rapidly expanding
- GBM is datecting many kinds of MeV translsnts
- >250 GRB/yoar. thraa SGRs (SGR 080144516, SCR 1806-28 and SGR TE1547.0-
5408), >10 TGFs and a solar flars.
+  Science returns in solar system studies, Galactic antrophysics, extragalactic
astrophysics, cosmic-ray physies and fundamental physics.
* The full data release was last month, software to assist with data analysie is
atao availabie.
- hitpyiferml gsfe.nasa.govisac
»  lLots more scisnce to coms...

» Fermi symposium
- Washington DC, Nov 2-§

»  http/lifermi.gsfc nasa.govissclres
ources/newsletter/

—~ General news
- Multiwavelength
- Datal/software

* LAT data became public on Aug
25
~ http:/ffermi gsfo.nasa.govissc

Julle McEnary Juiis MeEnary 36

CERN Beam Test Compared to Monte
TR R Carlo.
Energy Resclution: Full Witth @ €8% Con, el

LAT High Level data releases

Inwenin] yev
s

Longitudinal Showsr Profiles

= Beam Tnerg ~ MGV
T

Hren Faerge » 8 Gt

e
¥ nx .
o B et W 63 20) s o
g e Tap) pren 681 607 -
W Senn Faxi VB9 70
e e Tast Do 883 (7}

t 1

2

!
Beces Ty 4wt 15,4

Pt

The LAT taam re!l

flux/spectra as a function of
timme for all sources In a pre-
defined llat + flaring sources
during flares,

- Modifled data release after
~Gmonths:

» Lowered flux threshold
to reiease information

g /-“,— i on flaring sources by
“ Pl Rexolutlon | o factor of 2.
Me ‘ prr—— 2 * by meiniag e 2 0%,
. B " * Provided Information

CAL Layer

Fitting the longitudinal shower profile event-by-event
compensates for fluctuations In leakage

et Manary

Ea

continuously (not just

during flares).

» started with 23

sources, now have >40
e RCERery

41




Limits on Lorentz Invariance Vioclation

* Heuristic modification of the photon dispersion relation :

~c? PR ER (14 HEIE, )} Eqq: effsctiva LIV ensegy scste
—For B<<Eqq: o7 PT = £2( 1+ ofE/E,, )7+ O(E/E J*1)
=1 or 2 In current studies
« als Just a constant (can disappear in £,4),

_— ; g
A 2Hy (i

(L+n) Er~E; / (h4 "
(i (S

NG RGN

~ Highest anergy, « 31 GeV photon, detected 859 msec after GBM trigger

- Conservative lower limit on the quantum gravity mass {assuming linear
energy scaling and high energy photons emitted after GRB trigger):

Mge> 1.2 M

Planck
Priskr GRR AGN GRE AGN GRBOZGI6C Tanck maxs
Kret ) (Kl 06) iRiller 1) (Boggs 18] {ATbrrt PFS
1 i L 4 M £l s 2
L4 + M| T 1} LI 1 ¥
jous AT ».mm;ﬂ“ AP LRUAT 0,251 (o1t JSxion
Juile MoEmery 41

Pair Conversion Technique

i
H The auti-coincidence shield vetos
r . ,,ﬁ;é‘/}ncommg charged particles.

phiston cenverts to
an ¢*e- pair it one BF~
the conversion foils

The directions of the charged
particles are recorded by partichs
tracking detectors, the measured
tracks point back to the source.

The enereyis messured. (RN
in the calorimeter W

Tracker anguiar resofution is determined by:
muitipte scattering (at low erergies) => thin conversion folis
position resclution (at high energies fire pilch detectors

Conversion efficiency -> Thick conversion foils, or marny fois

CalorimsterErough X, o contain shower, shawer leakage correction.

Antt-colncidence detactor:
Must have high efficiancy for rejecting charged partisies, but not vets GEMME-TAYS
St MoEnsry 43

GBM - not just transients

GBA team have made non-
&RB high Jevel
data/resutts available,

et oy
o B ceeua T et by
ooy

oo e

2 LN A 4 SN, . Fo:

H
§ Mot p o i

L IR

Jitlle Mo Enary AZ

Occultation project

Y Oexuiaion Fee Mot

Jvie MoEnery 44



Fermi LAT Papers

Science impact by citation

o Journal [Published |Accapted I Total

1 ! -

iAstranomy and Agtrophysics

|
|Astraparticle Physics 2 T
iA@trophysicai Joumai » r w0 f 3
iAstraphysical Joumal Letters , 4
‘:Astmphysica! Journal Supnlement 1 | -
{Jourmal of Casmology and Astroparticie Physics " 1
;Phys‘cai Review Letters in rrrrrr ) I
;Science ‘ 5 R : 5
{Total T

Another 21 papers are submitted, and many in preparation,

Jufle McEnsry 25

GLAST Science Support Center {GSSC)

.

.

.

“Measurement of the Cosmic Ray e*+e” Spectrum from ~150
20 GaV ta 1 TeV with the Fermi Large Area Telescope™
(05/2009)

~ Clted across a broad range - cosmic-ray,

astronomy, particle physics (D0, BABAR)

“FermifLarge Area Telescope Bright Gamma-Ray ~80
Source List” (07/2009)

“Fermi Observations of High-Energy Gamma-Ray

Emission from GRE 080916C” (03/2009) ~80
“Bright Active Galactic Nuclal Source List from the

First Three Months of the Ferml| Large Area Telescope  ~gg
All-8ky Survey” (07/2009)

“The Fermi Gamma-Ray Space Telsscope Discovers

the Pulsar in the Young Galactic Superriova Remnant ~30
CTA 1" {11/2008)
Jile MeEnpry 46

Data Releases

Supports guest investigator program

Provides training workshops

Provides data, software, documentation, workbooks
to community

Archives to HEASARC

Joint software development with Instrument Teams,
utilizing HEA standards

Located at Goddard
see httpi//glast gsfc.nasa.gov/ssc/
and heip desk
http://glast gsfc.nasa gov/gsc/help/

Jutia McEnery 4

Heginning of science operations: GBM data + LAT high level
data fram start of science operations

Feb 6, 2009: LAT brighi source list, first LAT analysis software
release

Aug 25, 2009: low leve! LAT data, second LAT analysis
software release

g Tt et

- 5 Link to ali-sky
~400 queries In first I= ¢ files made
day, many requesting ia i :
the entire dataget. i, aw?dable
Made link to weekly .E " g / Weekend

all-sky filex mors
obvious (so number of
queries dropped)

Juite MoEnsry 48



Data analysis workshops

« The FSSC is holding a sequence of regional data analysis
workshops
« Flrst workshop on Oct 1 at GSFC
»  1-day, focus on hands-on actlvities
<25 participants
— lLarger group limits 1-on-1 interactions
* Future workshops
~ Venues chosen based on community feedback
~ May try internet conferencing analysis workshops

e MeEnsry

Components of the Gamma-ray sky

48

Balactic dif fus Point sources

Isotropic (extrogolactic
diffuse + residual backgrounds}

Jutia McEnery

GLAST Users Committee Members

Pius
«  Alan Marscher {Chair} +  Neil Gehrals
+  Matthew Baring + Hana Harrus
+ Pat Slane + Julle McEnery
+  Buel Januzzi +  Bill Paclesas
* Don Kniffen +  Peter Michelson
»  Henric Krawczynski « Steve Ritz
+ Jamle Holder + Chris Shrader
+ Wei Cul « Dave Thompson
« Scott Ransom +  Kathy Turner
= Jim Ulvestad + Lynn Cominsky

+  Alicia Soderbarg

hitp:/iglast.gsfc.nasa.gov/ssc/resources/guc/

Julis Mrinery 50

Extracting an extragalactic diffuse

spectrum

Start with a very clean data sample (more background
refection compared with the standard classes)

Pixel-by-pixel max. Hkelihood fit of |b|>10° sky model
components to LAT data:

- Template y-ray maps representing different
Galactic foreground contributions in independent
energy bins (200 MeV - 108 GeV)

- Spectra of (>140} point sources from LAT catalog
are fitted simultaneously with diffuse
components (weak source contribution included as a
template map).

- 8pectrum of isotropic component

= Subtraction of residual background (derived fram Monte Carlo
prediction) from isotropic component

Jisie W Evary 52



SED of the Isotroplc diffuse emission {1 keV - 100 GeV
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Some Questions Fermi is addressing

How do super massive black holes in Active Galactic Nuclef
create powerful jets of materlal moving at nearly light speed?
What are the [ets made of?

What are the mechanisms that produce Gamma-Ray Burst
(GRB) explosions? What is the energy budget?

What is the origin of the cosmic rays that pervade the galaxy?

How does the Sun generate high-energy gamma-rays in
flares?

How has the amount of starlight In the Universe changed over
cosmic tima?

What are the unidentified gamma-ray sources found by
EGRET?

What ig the mysterious dark matter?

Jutie Meknery £4



