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Gamma-ray Space Telescope

Talk outline

* LAT key design elements

< Impact on selected science results

* LAT key Pass8 performance elements
* New results and prospects



Large Area Telescope (LAT) - pair conversion telescope
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0 1967-1968, OS0O-3 detected ,‘
Milky Way as an extended y- 0S0-3 / SN
ray source, 621 y-rays = — —

0 1972-1973, SAS-2, ~8,000
celestial y-rays

0 1975-1982, COS-B, orbit
resulted in a large and e R )
variable background of
charged particles, ~200,000

Y-rays. WIDELY SPACED
O 1991-2000, EGRET, large SPARK CHAMBERS

effective area, good PSF, i e

long mission life, excellent coruont

background rejection, and SYaTEM N\ orccoune vesse

>1.4 x 106 y-rays

Q 2007-, AGILE, like 1/16-th Nl(TL) ENERGT-—— 7///{%// 7

LAT, with small calorimeter,
sensitivity ~EGRET

» Pair Conversion telescope concept



s P Large Area Telescope improvements

Gamma-ray
Space Telescope

 solid state detectors
» large FOV
» N0 consumables
< onboard processing
» soft trigger
< detectors segmentation

» optimal performance



5 years y-ray skymap showing thousands of sources and Galactic plane glowing in y-rays
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Surprises from the gamma-ray sky

Ursa Major

PRELIMINARY

Flux [0.1 - 100 GeV]

GBM (10 keV - 10 MeV, erg cm™2 s71)
XRT+BAT (0.3-10 keV, erg cm~2 s7!)
LAT energy flux (0.1-100 GeV, erg cm™2 s7')

LAT photon flux (0.1-100 GeV, ph.cm™2 s71)

10 10°
Time since trigger (s)

/ .

\ GRB 130427A

GBM photon flux
{10 keV-10 MeV,
1072 ph.cm™2 571)

20
Time since trigger (s}

GRB 130427A, centered on the north galactic pole



Blazar 3C 454.3’s Record Flare

Vela pulsar

‘ .
. ‘,.'."h-" K5 el » _. _ .
AT PR e e i e r.ug-m |
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3C 454.3

®

December 2, 2009

Vela pulsar

3C 454.3

November 3, 2009

The LAT delivers a 4pi light curve of the Universe through many years
(W. Atwood)



s, ermi Intensity and source counts maps evolution
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Number of Sources

2000

1500

[ T Unidentified Sources
B Total

2FGL

1FGL

2012
Year




d 3 years Pass7 data, 279 ROls studied, 102 detections
. population studies, spectral and morphology studies
d Diffuse emission modeling systematics 10



/
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Gamma-ray
Space Telescope

If radio and GeV emission arise from the same particle population(s), under simple

Radio-GeV Index

assumptions, the GeV and radio indices should be correlated:

4.5

-
o

oo
Ut

1-100 GeV Photon Index I
() -

5/8/2015

&
O
T

bo
O
I

PRELIMINAR]

® Young SNRs: seem consistent
, @ Others, including interacting SNRs:
softer than expected

_ = 70 decay or e/~ bremmstrahlung.

|: [=2a+1-1 . =|nverse Compton w cooling
@ AN e . "inverse Compton w/o cooling
E P R P ’
I—E—i I s Y P Data now challenge model
é R [) - assumptions!
[ s g i 2a - f;’(H-l— « Underlying particle populations may

- g - ; have different indices.

- o Emitting particle populations may
. . . . not follow a power law: breaks?

0.4 0.6 0.8 1.0

Radio Spectral Index a

F. de Palma @ ICRC 2015

o Multiple emission zones?
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Cosmic Ray Electrons

Phys.Rev.D82:092004,2010

| A Kobayashi (1999)
- 4 CAPRICE (2000)
- - HEAT (2001)

| & BETS (2001)

LI I T T T T T
O AMS (2002)

m ATIC-1,2 (2008)

% PPB—BETS (2008)

v HESS (2008-Q9)

LB I T T T T T
@ FERMI (2010)

Phys. Rev. Lett. 110, 141102 (2013)
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o AMS-02
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* LAT detects many HE electrons thanks to flexible
onboard trigger

< detailed analysis enabled measurement of CRE inclusive
spectrum and positron fraction (with Earth magnetic field)

13



http://link.aps.org/doi/10.1103/PhysRevLett.110.141102

arXiv.org > astro-ph > arXiv:1410.3696

Astrophysics > High Energy Astrophysical Phenomena

The spectrum of isotropic diffuse gamma-ray emission between 100 MeV and 820

GeV

The Fermi LAT collaboration: M. Ackermann, M. Ajello, A. Albert, W. B. Atwood, L. Baldini, J. Ballet, G. Barbiellini, D. Bastieri, K. Bechtol, R.
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Specific harsher event selection
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Energy [MeV]

f 1 l ] 1 1 UL l 1 L 1 UL I ] 1 LI I B l ] ] 1 LI
210° E
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(}I — -
£ - i
o
> - -
s
=10° =
L - -
o — ——e—— Fermi LAT, 50 months, (FG model A) .
9] [~ -
i ] ——a——  Fermi LAT, 50 months, (FG model B)
10 = -~ Fermi LAT, 50 months, (FG model C) E
- Galactic foreground modeling uncertainty -
n Fermi LAT, resolved sources, |bl>20° (FG model A) —
1 0'6 1 l 1 1 1 L1 111 l 1 1 1 L1l 111 I 1 1 1 L1 111 l 1 1 1 L1 111
107 10° 10* 10° 10°
Energy [MeV]

Extended to 820 GeV
Includes foreground modeling uncertainties

Evidence for high energy cut-off consistent with EBL attuenation
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@, ermi Dark Matter Search Strategies
o sg{f—:?Sl;‘fﬁ-}.p.&
Satellites Galactic Center Milky Way Halo
Low background and good Good Statistics, but source Large statistics, but diffuse
source id, but low statistics confusion/diffuse background ’
background

Spectral Lines

Little or no astrophysical uncertainties, good
source id, but low sensitivity because of

expected small branching ratio Ga|axy Clusters

Low background, but low statistics

Isotropic” contributions

Large statistics, but astrophysics,
galactic diffuse background



2 (some other ) Fermi Science Results

Fermi data have forced fundamental changes in our understanding of
almost every source of high energy y rays, and of particle acceleration
processes that drive them

Pulsar y-ray emission Cosmic rays are AGN y-ray emission
does not come from trapped in cocoons is not confined to region
polar caps and bubbles near the central black hole

Solar Flares GRBs are not Supernova remnants
high-energy y rays are adequately described are sites of hadronic
associated with by “Band” model acceleration

mass ejections 16



( o Pass8 New Event Reconstruction
ermi arxiv 1303.3514

e Complete subsytems recon
rewrite (ACD, CAL, TKR)

e Well beyond original Overlid ie-upactivy
motivation of suppressing E
cosmic-ray pileup

e TKR: new tree-based pattern
recognition —

o Mitigates mistracking at high = o
energy and angle S

Simulated 1.6 GeV ~y-ray

Calorimeter cluster #1 ' Calorimeter cluster #2
~ probability: 0.98 ‘ MIP probability: 0.92

:
L ] ‘.
A}
[}
\

e CAL: new clustering stage
e Separates ghost from primary photon
e CAL: revamped calorimeter shower profile fitting
e Mitigates crystal saturation, opens multi-TeV domain
e ACD: improved track/cluster to tile fitting
e Uses full covariant errors, avoids harsh background rejection cuts

17



o, i Pass8 performance
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Comparing VERITAS to Fermi-LAT Pass 8

+ Counts map: Fermi-LAT photons
selected above 5 GeV.

» 83 months of data;
P8R2_SOURCE_V6; Fermi
Science Tools v10rOp5

(J2000)

» Event classes PSF2 and PSF3 o woe
(50% events with best PSF).

Dot

+ GeV, TeV emission show
remarkable spatial correlation.

Contours: VERITAS
» Single population of CRs ICRC 20153, 6,9, 12 &
InteraCtlng Wlth ShOCked gaS? 20en 19m 18m 17m 16m 15m thldm

Right Ascension (|2000)

+22*00°00"

courtesy: J. Hewitt for Fermi-LAT Collaboration

@ T. B. Humensky, ICRC 2015




350

300

250

200

E° x J(E) [GeV' s m2sr]

CRE spectrum

e Fermi (2010)
¢ -AMS-02 preliminary
o H.E.S.S. (2010)
= -Fermi(2012)

—e— Fermi Pass 8 PRELIMINARY

Fermi Symposium 2014

el Y

T, " e
- ° %
- ;
- i i i [ TR T I B
102 10°
Energy [GeV]

“* working on E>1TeV, systematics, anisotropies

20



<, ermi 2FHL Spectral Energy Distributions

| 2FHL J0617.2+2234e (IC 443) 10-10 2FHL J1419.3-6047e (PSR J1420-6048)
10~10} — o —&— | +
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) + ) l
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1074
1071 107 10! 10 103 10~ 10° 10° 10° 103
Energy [GeV] Energy [GeV]
Preliminar
2FHL J1104.4+3812 (Mkn 421, » = 0.031) © ary 2FHL J0222-6+4301 (3C 66A, 5 = 0,444)
_ 10—107 + 7 e i
'Tw ‘l i i _l':' & o !
|a ++ o +
(S}
o 5
3, — oo 10 ,
< —o— ® 3FGL =
% 2FHL ¢ IFHL
| | . ‘ - * 2FHL
107 10 10° 10 10° | ‘ . | |
Energy [GeV] 107! 107 10 10 10°
Energy [GeV] 21

M.Ajello ICRC 2015 - arxiv 1508.04449



s ermi 2FHL Galactic Sources

Galactic Latitude

Galactic Longitude Preliminary

« 103 sources at |b|<10°
— 42 blazars, 39 Galactic objects, 13 unassociated and 9 Dark Acc.
— PWNe/SNRs represent 87% of the Galactic population
— Half of the unassociated sources are hard and thus (likely) Galactic

22
M.Ajello ICRC 2015 - arxiv 1508.04449



s, ermi Extragalactic Gamma-ray Background

 Models predict that the >50 GeV EGB is produced by blazars

EGB: Ackeramann et al. 2015, Models: Ajello+2015, Di Mauro+2015

Illll I 1 lllll]] ] I llllll] I 1 IIIIIII 1 I y ¢ 10700
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/) 8 al
FI | —
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o - il
-7 | —
; 107" E -
@ ® El EGB Spectrum (Ackermann et al. 2014b) =
o, 1
Ll e EGB Foreground modeling uncertainty -
B B — =
Z .| All Blazars - this work
T S —
LLI = All Blazars (no EBL) - this work =
—l-lllll | 1 Illllll 1 1 1 Illlll 1 1 lllllll 1 1 llllllT

10™ 1 10 107 10°
Energy[GeV]
Ajello+15

23
M.Ajello ICRC 2015



/~ : : _
< . Dark Matter constraints with dwarf spheroidals
“>ermi 2011, PRL 107, 241302 - 2012, AstroPart. Phys., 37, 2014 2014, PRD, 89

Gamma ray

7 " O Dwarfs are DM dominated
— up to ~1000x visible matter
— No star-formation, no gas, no magnetic field
d Clean Upper Limit analysis of high latitude point sources

FOURTH GENERATION

IOOL.4531

1108.3546

1310.0828

Current

EFFECTIVE LIKELIHOOD pZ (term accounts for uncertainty in J-factor)
1 2 2
Lo(D 0 :LLAT D 0.) x 6—(log10(Jt)—log10(Jt)) /207%
2( |u'a t) t ( t|”’a t) ln(IO)Jt\/2_7rat
(Dl L, {Ot} H L2 (DI M, Ot) <«—  (combine information from all targets)
targets

(DIH, {Ot} H L3 c |I‘l’7 {et}) <— (combine information from all psf classes)

classes
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@, ermi Pass 8 Improvements Relevant for Dwarfs

log,,(E/MeV) = [3.250 3.500] log,,(E/MeV) = [3.250 3.500]

'0— """"""""""""""""""""" . oTTeesesenseenaasess i y . ooTeeeeeeeT = ] Qo
% ~. —s— PSF class O (on-axis 68%) @~ h _2p° 20°
(U 10 C ',,”::,,”’::::::::::::::::::::::::::;f:E:SE::(,::I:QS:S,::1::(Qn:-:afl,(,iis,::6,:8:%):::3:::::::::::::::::
- NS SN PSEclass 2 {on-axis 88%): - g < 22 T 2
o NN N PSFclass 3 (on-axis 68%) ] ° ®
E T S S 94° _oge
S
© 26
.‘g 1 P S, U R .. e S S e ) -
—— ] B
0.090.120.150.&23{.&;0.240.270.300.3: 01 02 03 Oézun(t)és 06 0.7 08
10 M b I i e ML PR SMEL g R
S B 18° 18
I_”lrﬁlwlﬁlilwlrlf 7777777 I”’”l’”’l”l”;rlwli;i 77777777 L 1 Hrlﬁilwlﬁlilwlrl‘ 77777777 I””rlﬁwlw;”lrlﬁlilri 77777777 L 1 7”.”? =20° =20
107 10° 10* 10° % %
Energy [MeV] o o
24° 24
Effective area increase by ~25% above 1GeV o . - . -
. . GLON GLON
Angular resolution improved by ~10-15% above 1 GeV - — |
. ein  u . 0.150.300.450.600.750.901.051.201.35 03 06 09 12 15 18 21 24
Point-source sensitivity improved by ~40% for 1-10 GeV Counts counts

Joint likelihood with all PSFs types improves sensitivity by _ _ _
~15% Simulation of region

— Similar to using energy reconstruction quality in line analysis around dwarf
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s erme Dwarf spheroidals with Pass8

Gamma-ray

/ Space Telescope

P7REP_CLEAN Pass8
,, Fermi-LAT Pass 8 Dwarfs Composite 95% C.L. Upper Limit
————— [|=—— Observed Limit
10-22 H-- xiodi;‘:f(}:x;ii?ed || --' Median Expected Phys.ReV. Lett.
o BB 68% Containment .
s 10-23 5% Containment 22 | 68% Containment .
*‘E, 10-24 o 10 [ 95% Containment arXIV I 503 .0264 I
= 10~ ! .
pg 1021 And followup with DES new dsph
| | 2015,Ap]L, 809, 4
10-2 — .
Tm 10-23 'Tw 10-24 -
E 102 TS=8.7 @ 25 GeL o [
T 0 ) »
D o = ™ 25 |
1072 i g 10 :
I xS S S —— thermal relic -
—I:n 10—23 10-26 s ,""
i 107 L e
T 10
= 10-2 1 1077 | ]
: ‘ A l ) WHW-— L N ;
10* 102 10° 10! 102 10° bb
Mass (GeV /c?) Mass (GeV /c?) [ |
10'28 " " U ST T S | " A PR W S S W W | A A PR R S | A " PR W S S T
2014, Phys. Rev. D, 89, 10° 10’ 102 103 10*

Mass (GeV)

Minor deviation from expectations likely due to combination of better catalog and diffuse model -
all possible with improved performances and strong multi-wavelength fg'nergies (room for further
improvements by minimizing LAT UNIDs, see eg arxiv 1409.1572)


http://www.arxiv.org/abs/1503.02641

A~ 27

@, ermi Line-like Feature Near 133 GeV - 3.7 year
/STt
P7REP_Clean P8 Clean
> 70 RN LTS 90 1 | | I B AL B
S ook (c) P7_REP_CLEANR32DE_=133.0GeV > goi. E, =133.0 GeV =
A v - O : =
o Ngg = 17.8 evts n, = 276.2 evts 0 703 [y = 2.466 =
w50 s« =336 T =976 S 60E Ny = 16.67 evts (2.02 o) 3
e 40 ocal = bhg ~ = <9 goe Ny =460.33  f=0.24 +0.06 E
E ., f=0.61+%0.19 ER E
D, ER- = Preliminary =
= > 20 —=
10 T =
0Tk e s i . —— .
©  4F X e QT ............................................................ e — b - o
g WENCITt | |
. 0 ! = (AL Y 0 0 NP W0 SO T O S O 6 N G N SN PR 4
P AR e o
- . . . . . . . ~
60 80 100 120 140 160 180 200 22( 40 60 80 100 120 140 160 180 200 220
Measured energy (GeV) Energy (GeV)
« Same fit parameters as 3.7 year line search (Ackerman et al. PRD 88, 082002 (2013))
— Fits in R3, 3.7 year, 60 fit window

No strong evidence of 133 GeV Feature in Pass 8
— Lower fractional size and significance
— Energy recon. in P7 vs. P8 changes within expected energy resolution
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Gar." ma-ray

/‘ Space Telescope

Line-like Feature Near 133 GeV — 5.8 yr

= o Elvmoee |-
o 120} Lo = 2.466 E
o 100E Ny = 7.27 evts (0.72 o)  —
© 80 - f=0.07 £0.02 -
*g ig%: Preliminary :%
W opE oraiib =
O L R S A
N L - T
(C
S otbip bbb P frtpttgt
PO T TR
40 60 80 100 120 140 160 180 200 220

Energy (GeV)

 Feature is even smaller in 5.8 year P8 Clean dataset
— Consistent with statistical fluctuation in P7 REP 3.7 year dataset
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Long-term observations opportunities

1-10 GeV 10-100 GeV
1.8 # & solar disk 80 1.8 # § Solar disk | 80
¢ ¢ FakeSun1.5° 4 ¢ Fake Sun 1.5° 'S
1.6 A A Vela15° —70 1.6~ i A Velals® 170
® @ SunROI3-9° #® ® SunROI3-9°
1.4 60 14 S 60 _
g T g
(@) 1.2 —50 E o 1.2 50 E
5[4 > F >
S 1.04 &40 =10 40Z
X ) pYe ! 5
= o = 1 o
K —302 & 08 302
@ &
0.6 —20 0.6 20
0.4 - 10 04— .- 110 Ng et al, arxiv 1508.06276
i | — - Sunspot number| P | — - Sunspot number|
r | | | 1 | i [ [
0.2 1 2 3 4 5 6 0 0.2 2 3 4 5 6 0
Year Year

d Gamma-rays from the Sun and variations with solar cycle
d Recurrent Novae
J PSR state change (eg J2021+4026), years-long orbital periods

V407 Cyg

V1324 Sco

V959 Mon

-15

V339 Del
.’ - - -

© .8 80 o . -5 -1 210 205 200 65 60 55
Galactic longitude (deg) Galactic longitude (deg) Galactic longitude (deg) Galactic longitude (deg)
counts dei ‘ ) M counts dei ‘ ] counts dei 2 B counts dei 2 B
50 100 150 200 250 300 350 100 200 300 40( 20 40 60 80 100 100 180 -

“ Science 345: 554-558,2014



1Fermi

Gamma-ray Space Telescope

Conclusions

* LAT design provides all-sky, high sensitivity

monitor of gamma-ray sky enabling new science

+ Pass8 radical performance improvement

started opening new window

+ extended long term operations unique
opportunity for time domain astrophysics and

multi wavelength observations



