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Galaxy Clusters and Dark Matter

Fermi-LAT & Gamma Ray Sky

DM Searches in clusters

CR-induced Gamma Rays in clusters and implications of
non-detection

S. Zimmer / Search for Gamma Rays from Galaxy Clusters 2014/11/14



Cocet 4ots... A Galaxy cluster primer

centre

= largest and most massive gravitationally bound
systems in the universe (rypo~Mpc, M~ 10**-10"°

MSUI"I)

= DM dominated systems -> original discovery of
Dark Matter by Fritz Zwicky (1933)

= DM is directly observed through gravitational
lensing

= believed to have form through hierarchical
structure formation

= accretion of baryonic matter onto gravitational
wells of DM

= merger events

most baryonic matter is in form of hot gas (104 K)
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&+ toaGalaxy Cluster (z=2 -> z=0)

LAY

3
, - Vazza et al. (2010)
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<L WIMP Dark Matter

Codcen eu« Standard particles
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= DM must be massive, cannot interact
strongly/electromagnetically (with SM
particles)

Higgs

= neutrinos would be ideal candidates,
but too light & not abundant enough Dot @ tepons @ Forcapaices

= SM extensions (e.g. SUSY) provide SUSY particies
natural* WIMP candidates ‘

Higgsino

Squarks o Sleptons 0 SUSon rce
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Crcen fcts.. Detecting WIMPs

Production
(collider)

SM

Direct
Detection
(underground
detectors)

\ Detection /

SM
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y-ray flux

DM-induced y Rays

Particle Physics

Y / Gamma-rays
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ocol 4. Telescope (LAT)

Fermi Large Area \%

o

Tracker

centre

Launch: Jun 11, 2008 :
= 5 years in orbit ~1.8 m Y —>

Pair conversion technique
= 20 MeV to >300 GeV

T

Principle Mode of
Operation:

= Survey (all-sky coverage
every 2 orbits, 3hrs)

Energy resolution ~10%
PSF 1° @ 500 MeV

PS sensitivity: F>3x107°
ph/cm?/s

Calorimeter
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Cries Jolo... Fermi LAT Gamma-ray Sky
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Diffuse

- - complex gas structure
- Various CR interactions

\ - _ ~ Sources T
' - = Pulsars, AGN, SNR, etc

%{ m" & i
Galactic Plane

Isoti'opic | - sources + diffuse
- Extragalactic '

Dark Matter?
- Will be a small piece

Nature has given us a rich and complicated gamma-ray sky!
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@éw/c@u; Interlude: LAT analysis
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mission vioael:

Background + Target

U 4

Data Preparation _ Convolution with
(selection, binning, 1nstrum?nt response
exposure) function (IRF)

spectral)
maxL(model|data)

Inference & Limits
(paper)
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Eﬁ 11
C%w/c&‘; Interlude: LAT analysis (2)
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Counts map Spatial Model Map ;

9.9 27
838 24
77 22
6.6 e 2
55 18
a4 17
33 16
22 14
11 13

Spatial Model Map

Spatial Residual Map

- Excess in data!

IF good background model (= smooth maps) ->
calculate upper limits on astrophysical quantities,
e.g. flux of a source
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S STEP 1: Can simply stack many .
C%Wu; residual maps on top of each
centre Other

No evidence for y rays
from Clusters ®

-2.4 -1.8 -1.2 -0.6 0.0029 0.6 1.2 1.8 2.4

. Stacked Residual Map from 5 clusters, 2 years of data SZ+ (for Fermi-LAT Coll., 1110.6863)
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gﬁ STEP 1: Can simply stack many 13

Chlcen Meoq

residual maps on top of each

centre Other

No evidence for y rays
from Clusters ®

Lo

~

/

Ab [deg]
-

S. Zimmer / Searc

-30 -24 -18 -12 -06 0.0 0.6 1.2

. Al [deg] P
Residual [#]

Stacked Residual Map from 5o clusters, 4 years of data (Ackermann et al., Fermi-LAT Coll. ApJ 787, 18 2014)
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& Better than stacking: Joint

@%w/cyu; Likelihood Analysis

centre

Basic assumption: class of sources can be described by

N\, 77

one or more common parameters "X

Optimize each individual likelihood before combining
them

L@ID) = | | LG by cID)

l
lOgL(XlD) = z logL,-(x,-, bi' ClDi)
i

Use profile likelihood method to treat nuisance
parameters (e.g. normalization of diffuse emission,
background sources)

Initial analysis in Fermi: joint dwarf constraints,
Ackermann et al. PRL 107 (2011)
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First joint likelihood analysis
Annihilation & Decay
(2 years of data)

s
Chdcen Uu»«
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SZ+ (for Fermi-LAT Coll., 1110.6863)
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<> . Challenge: Substructure

Chlcen erq
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Expected Sensitivity (5 yrs)

Criers 4cts... (Annihilation case)

centre
Ackermann et al. (Fermi-LAT Coll. in preparation)
--- Median Expected
-22 | .
10 — Ackermann+2011 (no substructure, weighted average)
- - Median expected (rescaled, Ackermann+2011 no sub
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102 |
)
wn
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Crcers ftor.. COmparison w/ other targets

Ve
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Coieot 4lo... DM from clusters: summary

centre

= NO DM-induced y-rays has been found from clusters
(yet)*

= |evel of substructure may enhance the predicted y-ray
flux by a factor of ~100

= generally less important for decay

= detection prospects are OK, but limits are not
competitive with e.g. dwarfs - complementary targets

* no y-rays have been found from clusters!
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So what about baryonic matter in clusters?
(remember hot thermal gas)
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Galaxy cluster evolution in a
” . h d d = | = I t.

Crécen Kloen ydrodynamical simulation
centre (Z: 10 -> Z=O)

Gas density Gas velocity

Vazza et al. (2009)



Eﬁ The puzzle: GHz radio features on top 2
CHE . of thermal X-rays
N ey

centre

100

+28°30°

+28°00' L 150

mily/Beam

+27°30'}

Declination (J2000)

+27°00 [\

13"00™ 12h58™ 12P56™ 12P54™ 12h52™
Right Ascension (J2000)
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& Clusters are unique CR 23
e ns TESErVOirs

centre

12
CR electrons loose energy .
fast -> if they cause GHz
emission, need to be 11
constantly replenished

I 1 1 1

CR protons accumulate
within cluster over Gyrs &
carry integrated history of
cluster formation

O

Log(Time/yr)

e

1 1 l 1 1 |

. Blasi et al. 2007
? 1 1 l 1 1 1 J 1 1 L

2 1 0 1 2 3
Log(pc/GeV)
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<) , CR Population & Processes in
Crdeon Kl Clusters

Kkinetic energy supernovae &
Energy Sources: from structure active galactic

}/ \A /

turbulent

Pfrommer 2008

Plasma
rocesses: cascades:

P . plasma waves

Relativistic

particle a pY i\ clectrons

pop.:

Observational

diagnostics: radio
synchrotron IC: hard X-ray y-ray

emission y-ray emission emission
Observed Not Not
observed observed
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y [ Mpo])

& Predicted Gamma-Ray 25
@Qw/cyu; emission (universal model)

centre Pinzke & Pfrommer (2010)

ICS secondaries &
primaries

v [ Mpe)

x [ Mpc]

take-away point:
neutral pion decay should dominate y-ray spectrum, emission

signature is universal wrt. mass or age
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S However - No Gamma Rays 26
Cva;a,uu; seen (50 clusters, 4 years)*
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|||||||||||||||||||||||||||||||||||||||||||||||||

CR- % . hdvidl > Tndividual Geintike Ackermann et al. (Fermi-LAT Coll. ApJ 787, 18, 2014)

Flux > 500 MeV
1
4
¢4
¢
4
4
—+
4+
4
~—4
«—¢r

llllllllllllllllllllllllllllllllllllllllllllllllll

2A0335
A0548e
II1Zw54
IIZw108
NGC1550
NGC5044
RXJ2344
UGC03957
ZwC11742

* we may have detected y-rays from individual (radio) galaxies
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Crl e fPoe., Implications of Non-detections

centre

= Recall universality of CR spectrum from simulations ->
use joint likelihood technique

= assuming bulk of gamma-rays come from CRp
interactions, efficiencies must be significantly lower
than e.g. SNR (<20%)

= CR / thermal pressure < 1% (for CR protons)
= accretion shocks don't play any effective role

= hadronic models severely challenged to explain radio
emission!

Full details:
Ackermann et al. 2014, Ap), 787, 18
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& Implications of Non- 28
Cr éa’:’,u - detection
centre
: Log (E/eV)
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g@ Implications of Non-

29

Crd e 0 detection
centre
Gamma rays provide {;L” i .
most direct access to 16[ J ' L '
- ISGRI/PICSIT /SP 1
CR protons - Coma Cluster y, |
14 R synchr. CMB IC /f‘«"'brems m° |
—~ - l /’ str. i
< i l l ~Im /| l GLAST |
- 12 B=0.1 uG — -
2 I Y MAGIC
iy i VERITAS
S 10+ _
o L i
o
—J ]
Reimer et al. 2004 15 20 25
Log (v/Hz)
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could detect gamma-rays
from Perseus if focused on
single cluster for O(100-200)
hours?

S. Zimmer / Search for Gamma Rays from Galaxy Clusters

Number of hours
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10*
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10°

30

Doro et al. (2013)
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What if radio emission 31
comes from secondaries?

3

24

26

centre
Log(v) [Hz]
By 15 19 2 2 2 2
Allowed NuStar (55ks)
secondary BN
models Wthh 24 SUZAKU

don’t conflict
with radio

(Beore~4-5uG)

Log(L(v)) [erg/s/Hz]
S

18

16

14 L

\\

e

NuSTAR

Fermi (4yrs)

\

I Fermi (4yrs, Ap))

\

- -

Coma cluster, secondary models

CTA (expected)

2 4 6 8
Log(E) [V /€']
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& What if radio emission 32
caga,u; comes from secondaries?

centre
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¥ ,
Cvéa,mu;‘ Beyond Coma

centre

LOFAR will (hopefully) detect many more relics & halos!
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@%w/cgu; Summary & Conclusions

centre

Gamma rays are predicted from clusters both for DM scenarios as
well as from conventional astrophysics

= DM limits not terribly competitive, but provide complementarity

= become competitive for DM-decay J~p

Radio features in clusters observed but origin unclear

Gamma-ray non-detection severely constrains hadronic models
= acceleration in accretion shocks less efficient (<21%)

= CR/thermal pressure ratio < 1%

Future experiments?

= CTA could have potential to detect gamma-rays from Perseus if
accumulating O(100-200) hrs of observations $$

= LOFAR may help by detecting more radio features
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@%w/c&‘; Thanks for Listening!

centre
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... Expected Sensitivity

P7REP vi5 (CLEAN)
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I 68% Containment |

5 years MC (500 MeV - 500 GeV)
Diffuse + 3FGL

34 Galaxy Clusters

Substructure: Mcut=10"° Msol &

Sanchez-Conde & Prada+14
T —————

T

4 -23
£ 07}

107

LW  95% Containment |4

e

102f €€

10% |

10

(av) (em®s™1)

102 |

1020 -

10
S. Zimmer / Search fo

10
Mass (GeV/c?)

10°

10° 10°

Mass (GeV/c?)

10!

37

2014/11/14



& 38
%ﬁ , Observed Gamma Rays from
Crden Koo, Galaxy Clusters?

SIGNIFICANCES

/

e Abdo et al. (2009) wer Aleksf¢ et al. (2010) O

- 12500 LAT (95%

VLA 90cm

(Owen et al.) PSF

NGC 1275+

VLA Radio 1.49 GHz

3.45 3.4 3.35 3.3 3.25
RA [hr]

20 kpe NGC1275

R.A. (deg)
187.750 187.700 187.650 187.600
TR | ' TR | R R | R T | '

IC310/NGC1275
E (Perseus)

f.850 187.800
, 1

M87 (Virgo)

in galaxy
clusters

-> but: any excess would first manifest itself as
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Crier floe.. 4Z0OOM-IN to TS-maps

Abell 3112 Abell 400

19.8 —44.0

=196 —44.2

g
e}

19.4 —44.4 5

176.4 176.2 176.0 49.75 4950  49.25 4475 44.50

a000 [°] 2000 [°] a000 [°]
0 8 16 24 32 40 48 56 64
TS

-- y-ray centroid (68% containment radius) — Radio contours
X Best fit from y-ray data A Chandra X-ray sources ¢ NVSS radio sources
+ Cluster Center (NED coordinates)

Ackermann et al. (Fermi-LAT Coll. ApJ 787, 18, 2014)




gpﬂ Is the Emission c?omlng 40
oot iz, from the Clusters:

centre
Pro Con Maybe Con
No indication for source Emission offset from Scale factors O(3-30)
variability (aperture Cluster center (0.1 — 0.3 - higher than expected
photometry) ) from model (expect O(1))

— point-source

A400 fits well with soft emission offset is AGN/radio sources in all
spectrum (I'~2.3) with preferred! 3 clusters

comparable TS values
A3112 & A1367 fit well with
hard spectrum (I'~1.7)

a unllgely !0 come Eom !EM

unmodeled

~2.,70 exXcess
radio galaxies
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Cok e e, Cluster positions & ROIs

centre

26 non-overlapping 9° unclassified
ROIs 60° ',':— = Cool Core

. . Crrg . G ~ L ~

9 s i e e e AN
i ; e e TS Non Cool Core
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30 /') % // e e E \ ‘.0. >
7 7% // a | Ny \ &
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Ackermann et al. (Fermi-LAT Coll. ApJ 787, 18, 2014)
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Cluster Sample & .

Cocer #ta...  Selection
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= Start from Extended HIFLUGCS
sample (Chen et al. 2007)
= Selection & Analysis cuts

remove z>0.1 (almost no contribution
to overall expected flux)

geometric cuts: Galactic plane,
“bubbles”

remove complicated diffuse regions
(Virgo, Centaurus)

remove overlapping Clusters
= Remaining set of 5o clusters used for
analysis, classify by morphology (X-
ray, ACCEPT, Hudson et al. 2010):
Cool core if K <30 keV cm?, else NCC

If no X-ray data available leave
unclassified (remove clusters)

S. Zimmer / Search for Gamma Rays from Galaxy Clusters
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Cocers 4to... ANalysis Details

centre

= 4 years of data (2008-08-04 - 2012-08-04)

= P7reprocessed data, CLEAN events (500 MeV - 200
GeV, 18 bins)

= 26 non-overlapping ROIs with varying size
(8-16°)
= 2FGL & std. diffuse templates as background model
= Include all PS within 10° from cluster & ROI-size+5°

= Leave normalization of sources within 4° free, refit
bright residuals of 2FGL sources

= Freeze all free source parameters before joint
likelihood fit

= Limitation by MINUIT (<100 parameter), ensures
convergence
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= Strong correlation between X-ray
flux & y-rays

= X-ray flux limited complete sample
of brightest X-ray clusters (no
additional clusters at z~0.1)

= Based on number of X-ray catalog
surveys

= Initial HIFLUCGS
= |b|>20° & outside Virgo

= Extended HIFLUCGS:
= Include Virgo & other clusters

= Benchmark catalog for clusters

S. Zimmer / Search for Gamma Rays from Galaxy Clusters

= (10" erg sT)7]

Mpc

dn/dLy [hs®

Extended HIFLUCGS catalog

44

HIFLUCGS, Reiprich & Boeringer (2001)

1072
o NS Py
\\Y
1070 3
077k 3
1078E .
E ® HIFLUGCS (N+S)
10_9 E — REFLEX (S) Bohringer et al. 01 =
Eoo- BCS (N) Ebeling et al. 97
1070
0.1 1.0 10.0
Ly (0.1=2.4 keV) [10" hy™ erg s7']
600 3 —
300 o *e ™ . O N )
y . “A. ° ,.} 5 - \'-.
o 1200 (11} 0 300! 210“
e s
A . ; « -
e o« e e S
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HIFLUCGS, Reiprich & Boeringer (2001)
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’.‘ X-Ray Morphology Classification
Crc e Ko (Hudson et al. 2010)
centre
s Entropy profile (S = kT/nz/3) determines structure of ICM & thermodynamic
history
a
_ - _ r
=1 Entropy profile fitto K(r) = Ky + K49 (100kpc)
= Hudson et al. 2010 uses 17 different X-ray diagnostics for full morphological
characterization, K, only for simplicity shown
Abell 400 Abell 3112
Ko, = 162.81 + 3.92 keV cm? Py Ko = 11.40 + 1.43 keV cm? f;;ﬁ?
Ki00 = 35.26 + 5.74 keV cm? PG v Kioo =169.12 £ 699 keV cm? 6577 o
a=176+0.28 a=117 £0.07 ge
Fwo- % 100 Ppﬁo
; #°
= = B
g 2 1002010000 & A
- -7 2 S0 Ravs
- /":O.’,
K, > 30 keV cm? — ° /.;'f'"
Non-Cool Core 20 = °
o
100 e
10 20 50 100 200 5 10 20 50 100 200
R [kpc] R [kpc]
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Colcor Klree. Systematic Uncertainties

centre
Ackermann et al. (Ferml LAT Coll. ApJ 787, 18, 2014) = Most critical for
0.55 T
050l <> Combmed v Cool Core A NonCool Coxe | eXtended source
o) ‘] analysis: diffuse
Sowp T T o770 Galactic foreground
R \ | model
030f ¢ o 9 o 0 8 0 | —
. o = Templates optimized for PS
10° | A AI367T U Ad00 4 A3112 ] analysis
30 N M NN NN NN = Large uncertainties -> CR
e SRS SS——. propagation details, source
N _h ..... 2 ......... ! ......... g 2 ......... ’ ......... g‘ ......... g ......... PR _ dlstrlbutlon, B_fleldsl etcl
s o SO Y WO < S Ao B - Checked analysis against
e alternative models
Diffuse Model (GALPROP) -> more
stringent limits on scale
factor
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& Systematic Uncertainties 47

Cocert s, (Ctd.)

centre
Type Variation of Input Parameters Impact on Results
Spectral bins +50% < 5%
Spatial bins +50% < 1%
Spatial template bins +50% < 1%
Small ROIs +25% ~ 3%
Number of free sources 4° — O900 + 1°2 < 10%
IRF uncertainties: Effective Area +10%P <%
IRF uncertainties: PSF +15%P < 4%
Diffuse model uncertainties alternative diffuse models® 15-25% more stringent limits

2We chose a radius of 4° around each cluster center to account for photon contamination due to the
PSF at low energies. In this test we modify the radius in which we leave the normalization free to vary
within fogg + 1°.

bWe employ the bracketing IRF approach as discussed in Ackermann et al. (2012a) and use the
tabulated values to scale the relevant IRF components.

“We use a set of alternative diffuse emission models and replace the standard emission template used
in the baseline analysis with these
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C%w/c&‘; Results on the sample

centre
= Stacked Residual Maps
0.8 : : : : : _ ot
§I [ Combined 1775 Cool Core {7777 Non Cool Core EXPeCted €mission
w  07FH eo10n (2
0
-
[\'\ 0.6 |
R
g0
2§
<q Zod
= 3
g =03
> 0.2 >5;0
ﬁ A3112 | B '. o R
é 01} A1367 A0400 | - bl o »
= N g
[i" 0.0 3
| ——
=
)
= on of 3 ROIs
E -3.0 —'.‘2.4 —i.S —i.‘l —-0.6 0.0 0.6 12 1.8 2.4 3.0
= Residual [+]
2
©
<
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grﬂ Constrglnts from Joint 49
Crter ear.. ANAlysis

centre
Combined Cool Core Non Cool Core
Sample
# Clusters
95% U.L.on 4, 0.41 0.49 0.47
(model: 4, = 1) (0.29 without
exceptions)
Global TS-value 7.3 (2.70) 4.7 (2.10) 3.3 (1.80)
(significance) (<20 without
exceptions)
Exclude4d, =1(c) 5.5 4.3 4.4
95% U.L. on {p’max 21% 25% 24%
({p,max = 0.5 X A}")" (157%Rgthout
exceptio

Strongest constraints on {p max so far!
A
4
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& Constraining CR content in 50
@@,Ma; Galaxy Clusters

centre

— C(,)mbine(i
—_1 NCC

"1 Use joint scale factors to derive CR- it ee
to-thermal pressure ratio for each

cluster individually:
(XcrR(< R)) < 4,

Assumes a) universality of model and
b) scaling relation to hold

Cluster Fraction

Derive (XCR) within determined

radius (e.g. R,(0)

Median values within R;q0: I |
(XCR)<1.0-1.5% I

0.0

i1 [ . 1 |
0.005 0.010 0.015 0.020 0.025 0.030 0.035
{,\,r_‘“l:‘]l) < Il)_nnnb}}
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gﬁ 51
caga,/cﬂu; Spatial Modeling

centre

105 - I I I 1 1 1
' Fornax cluster —  Pinzke++ (2010
i — flat CR _
10* P —— thermal ICM (hybrid) ;
s 10% F \ E
g A\
3,
&
§ 10°
E
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) Universal CR Model
Chrken K oee, (Pinzke & Pfrommer, 2010)

centre

&3 52

Simulate clusters in cosmological environment

CR proton (CRp) transport & injection, acceleration from
structure formation shocks

Find universality across their simulated sample
Model input: maximum hadronic injection efficiency,
{p,max
Captured by joint scale factor A, (model prediction: 4, = 1)
Assume linearity: {p max = 0.5 X 4,

Prediction of y-rays from CRp interactions (m° — 2y)
Dominates IC contribution

Can constrain CR content using y-rays : {p,max < (Xcr)
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&

Result from simulations: CR Spectrum 53

(Pinzke & Pfrommer 2010)

Crhlcen fCle :' acceleration of CRp from large scale shocks
centre
Low Concave .
momentum E spectrum II))lffukse
cut-off \‘5\1%\} \ rea
g 10“%~
g .
Té / /
Pion-"bump” ~* L/t
\xm* p=P /(m c)
g
=
oo Pion decay
3
%010“
4 Universal spectrum
g for various simulated
clusters!

1 1 1 1
10° 107 10° iy
E,[GeV]

Pinzke & Pfrommer (2010)
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processes?
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g@ Different models for CR 54
Crier fctae.. PHYSICS

centre

Which CR population is dominating?
Two main models with different radio and gamma-ray signatures

Y %

.‘,

- //

o,

S. N

_

Reacceleration Hadronic
g models models
E e.g. Brunetti+ 2001,2004,2012, Brunetti e.g.Ensslin+ 2011, Wiener+ 2013,
oW and Lazarian 2007, 2011, Petrosian Zandanel+ 2013, Pinzke and Pfrommer
< 2001, Cassano and Brunetti 2005 2010, Pinzke+ 2012, Pfrommer+ 2004,2008

S. Zimmer / Search for Gamma Rays from Galaxy Clusters 2014/11/14



€P\ 55
S Derived y-Ray Spectrum

Pion-"bump <

% \

10° |

10} Powerlaw:

N _ !
de ~ % T \E,

ﬁFlux < A.

102 10° 10* 10°
Energy [MeV]
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&

Cocet ots... €tal. (2011)

Flux Predictions* by Pinzke

centre

LI S T =
Predicted CR- . CR-1° erseus g
induced y-ray flux e | Ophiuchusy -
. T C oma f 7]
from n°-decay; Rt - R H \ommT.. _:
anaIYSIS lnput, g 9 3 .| .H| ' AWM7T. Tnanqulum’“ 2319 E
equiv. to J-factor £ 10F : Tt A ‘hl et Ir ""'f?'."' ‘I" ' | lk“ :
i S aRUVIPIVEIR S R UATITITI S | i
in DM searches > atrci e ’.l"'f""" ARy, IW‘J’ | L | ]
E T R
S 1ovL| d 11 VN SV
U = | .’ || '|'1 -
< [ | n“n : _
101 l ;
= , P,
i A..7O4 ,szous i
. . 10.0E " PERS'EUS _=
Directly derived = o Yo, e =
EE o ] bl 1l -

flux vs. flux from 2 L0 '.;ﬁ‘;f!."n‘y"'!w“’?rn ﬂ P T é"-s‘," ,‘%.r "%1. ;“'ﬁ*""‘-

o o = ¢ \ |
scaling relation 0.1 ¢ ’ ft: 4 3
0 20 40 60 80 100

Pinzke et al. (2011) extended HIFLUGCS Cluster ID

* predictions translate to A, =1
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Crces ftor.. Slgnificance Estimate

centre

= Neyman Pearson likelihood ratio (Test

Statistic): LLH for Null hypothesis

LLH for Signal
hypothesis

= Defined for each target, ROI or even
combined TS (use joint LLH instead)

= Can be related to significance: o = VTS
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Fermi Large Area Telescope 2FGL catalog

© AGN © AGN-Blazar “ Galaxy *  Starburst Galaxy

O AGN-Non Blazar ¢ Radio Galaxy + Seyfert Galaxy

M ". '=a . .“‘- Pt iy S PSR PWN
© Unassociated PSR w/PWN SNR
C Possible Association with SNR and PWN Globular Cluster HMB

Credit: Fermi Large Area Telescope Coliaboratior



What has Fermi found: The LAT two-year catalog =

Supernova

Pulsars IEMmEItS Globular clusters,
s high-mass binaries,

o \ / normal galaxies
Non-blazar \ and more

active galaxies — 1%
1%

Unknown 3] (—
31% 57%
Pointlike s
lacks MW cout

Credit: NASA/Goddard Space Fiight Canter
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Tray 18

'

Tray 17

Tray 16

Tray 15

= O

= “Yront” or::
“thin” section

“thick’
TIay 3

Tray2

Tray 1

EEEEEEEEEE
EEERRERRER
EEREEEREER

Y —

Tungsien

!

\
\

¥ view - Doth sides

—

Thin Tungsten - 3%
Radiation Length,
Trays 18 -7

Trays 6 -3

No Tungsten,
Trays 2-0

Thick Tungsten - 18%
Radiation Length,

f
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Crkcen Kloex, Gamma-ray Event Classes

centre

= Triggered events are dominated by CR background events
= Need to define additional cuts to get y-ray rich dataset
= Nested “event classes” for various types of y ray sources

= Transient: loosest, for transient sources (< 2001.8kermann et al (The Fermi LAT Collaboration)
ApJS 203, 4 (2012) arXiv:1206.1896

"__‘ [ T 1T T 1T "__‘ | — | T IIIIIIII T IIIIIIII T IIIIIIII T III_
s | (a) = Total residual CRs » L[ (b) = Total residual CRs & [ (c) = Total residual CRs
“w 1L — Primary CR protons | ™ na —Primary CR protons | = e — Primary CR protons |
> 1 2 —PrimaryCRe’+e 3§ > F —PrimaryCRe" +¢& > —PrimaryCRe' +e 7
%’ C —Secondary CRs 1 |§ C —Secondary CRs % C ~Secondary CRs
) ) o
2101 S1o 5 210 e
< < <
> > >3
0 o) 0
O O O
X X X
w102E w102k 4 w102k 3
ﬁource Class >
10'3 esjldlﬂ B kgl lRaltel Ll |l|| 1 Ll 1 '3 Resjldl‘l B kg [} atel L 1 L1 10'3 ReledI" B kg I} atel L 1 11
10° 10° 10* 10° 10° 10° 10 10° 10 10° 10° 10°
Reconstructed energy [MeV] Reconstructed energy [MeV] Reconstructed energy [MeV]
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TN Fermi LAT Performance 62

v see also M. Ackermann et al (The Fermi LAT Collaboration) ApJS 203, 4 (2012)
>7REP. SOURCE V15 effectlve area at normal incidence (cos(e) > 0.975 P@ﬁ‘i\mgmﬁ V15 effective area at 10 GeV, averaged over o

< TE : o -
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&
C%w/c&‘; Pass 8

centre

. Hanc_:l Ie_ on inst_rumental pi_le-up & Combinatoric Example ~ Tree-Based Example
maximizing science potential

= Rewrite of core-recon parts

= TKR: tree based tracking instead of
combinatorial

= CAL: introduce calorimeter clustering, 3D fit to
shower profile

= ACD: improved background rejection (from sims)

twood (2012

= Expected to roll out in late 2014 (hopefully)s 3;’ Prehmma f I B A ]
% X v B e -

R TR

Overlaid ;;ile-ljp activity :‘,— 2 :- 777777777777777777777 ’(i :,7'7;.;-"- B ~‘\ 77777 o—:

- g 15[ P 5 T
Simulated 1.6 GeV -ray C S, m | -+-P8SOURCE prototype ]
' C L s ~ -=-P7SOURCE_V6 ]

1= ! lﬂ ; ' : 7

S ovobabity: 098 " WP prababity: 095 osb ,"15'2'3 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E

g EoA 4 : ]

R A O S ST R
Atwood (2012) AtWO(;g et al. (§%13) Ene?gy [MeV]
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Coieor 4cts... Non-Overlapping ROIs

centre

90°

Excluded clusters
ROI
Clusters in
Analysgios
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s
Chdcen Uu»«

centre

Confidence level (probability contents desired inside

Number of hypercontour of x* = xZ,, + UP)
Parameters 50% 70% 90% 95% 99%
1 0.46 1.07 2.70 3.84 6.63
2 1.39 2.41 4.61 5.99 9.21
3 2.37 3.67 6.25 7.82 11.36
4 3.36 4.88 7.78 9.49 13.28
5 4.35 6.06 9.24 11.07 15.09
6 5.35 7.23 10.65 12.59 16.81
7 6.35 8.38 12.02 14.07 18.49
8 7.34 9.52 13.36 15.51 20.09
9 8.34 10.66 14.68 16.92 21.67
10 9.34 11.78 15.99 18.31 23.21
11 10.34 12.88 17.29 19.68 24.71
If FCN is — log(likelihood) instead of x?, all values of UP

should be divided by 2.

Table 7.1: Table of UP for multi-parameter confidence regions

F. James, MINUIT reference manual

deltaLogLikelihood method

90% two-sided C.L. for deltal.ogLikelihood step ~ 2.70 (1
free parameter) -> 95% U.L.
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S TS distribution for Null 66
Cvca,uu; hypothesis

centre

Ackermann et al. (Fermi-LAT Coll. ApJ 787, 18, 2014)

103 | - - ,-_12-(5 4 %\i, E=1.1+0.1(fit) X > 0 (Chernoff) |
F [ GAL+EGAL+2FGL (5x)
’ :
o ;
o 10°E |
&
Y
N
5 O100E [~o _
o 10"} ~ i
H : L
—1 | T =~ |
7% 2 ] 6 3 10
T‘S‘
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& .
@%w/cyu; Photon Overlaps

centre

= Joint LLH does not include correlation terms
= Need independent analysis regions "ROI"”
= “double counting of backgrounds”
= Targets should not overlap
= “photon sharing”

= Possible bias when deriving significance from p-values
= p = 1-erf(VTS/2) - connects p-value with TS
= uncorrelated case p, = p; X p,

= Compare pjy,. With p; from simulations
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& Bias on p-values due to 08
Cbéa,u«u:« Overlaps

centre
) A]ckermann et ‘al. (Fermi LéT Coll. ApJ 787, 18, 2014) Toy M C
....... Enin =100 MeV
NN - — - Epin =200 MeV @
. A — Fuin =500 MeV
k co. Epn=1GeV |
\

\ | Isotropic
" Background

Ratio between p;;,,, and py

Distance between source center positions [deg]
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Coier fler.. Gamma-Rays from WIMPs

centro _ Y/ Gamma-rays
Spectral Line Broad, continuum =
7 /,'
WIMP Dark : WIMP Dark Vu
Matter Particles

Matter Particles \ Vo
Ecm~100GeV p

\ ~ Ecm~100GeV TR MO0
A v % W*/Z/q e* \

Or 79, H, etc \ \“ Neutrinos
« Believe the Milky Way sits in a large, spherical g
“halo” or cloud of cold DM (vp, << c) e'l»\“\e
- Expect DM overdensities (subhalos) + a few p/p, d/d
- Largest are the dwarf galaxies Anti-matter
— Other extra-galactic DM expected too (like
clusters)

« WIMPs annihilations (decays) may produce gammas
— Dominant channels -> broad continuum
— Monochromatic channels expected to be rare (loop-suppressed)
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C%wuu; Latest results from dwarfs

centre
1021 Fermi-LAT Pass 8 Dwarfs Composite 95% C.L. Upper Limit
H— Ackermann+ 2014 Dwarfs . .
- QObserved Limit Prellmlnary
1022~ Median Expected
I 68% Containment
95% Containment
102}
| no significant
. : emission detected
) . j\
o 25 |
\5 10 [
10-26 L |
1077}
'B. Anderson for Fermi-LAT Coll (2014) bb
10° 10! 102 10° 104
Mass (GeV)
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