3¢ Fermilab

Discuss the excess:

(convince you the excess is real AND relatively well understood)
Hooper & Goodenough: (arXiv:1010.2752), Linden & Hooper (1110.0006),
Abazajian & Kaplinghat (1207.6047), Hooper & Slatyer (1302.6589),
Gordon & Macias (1306.5725), Huang, Urbano & Xue (1307.6862)

Discuss the infterpretations:

Hooper, Cholis, Linden, Siegal-Gaskins & Slatyer (1305.0830), Gordon &
Macias (1306.5725)

I
@ (& Ilias Cholis, Trieste, 10/10/2013
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Known sources fof the observed gamma-rays are:
i) decay of pips (and other mesons) from pp (NN) collisions (CR

from CR e
ii)from (galactic or extra galactic) (1873 detected in the first 2

iv)“extended sources”(Fermi Bubbles, Geminga, Vela ...)
iv)misidentified CRs (isotropic dew to diffusion of CRs in the Galaxy)
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For a DM annihilation signal
We want to observe:

m,=100 GeV

Increasing <o,v>

x=m/T (time -

Hardening of a spectrum without a clear cut-off localized in a certain
region (Fermi haze->Fermi bubbles)

® Hardening of a spectrum with a clear cut-off: 10-50 GeV DM claims
towards the Galactic Center (GC) inner few degrees

® Line or lines



One of the most likely targets is the GC (though backgrounds also
peak), others are the known substructure (dSphs) or Galaxy clusters

g it o mazs o v | of the galactic centfer is complex
oy e with uncertainties in the gas and the CR
s - distribution
Ser B2 i ‘i! New SNR 0.3+0.0

Ser BI : P Threads

A~ @ A DM annihilation signal also peaks with
T significant uncertainties though on the DM

Wt can
( SgrC  Coherent ® b (4
structure? | S r' ' l | O n
Snake \ 47
Mouse « Sgr E e
= ® Take advantage of multi-wavelength
SNR 359.1-00.5
°
searches, different gamma-ray spectra an
/
~0.59
~75 pc . . . . [
distinctively different morphologies between
[mage processing at the Naval Research Laboratory using DoD High Performance Computing Resources ‘e
Produced by N.E. Kassim, D.S. Briggs, T.J.W. Lazio, T.N. LaRosa, J. Imamura, & S.D. Hyman
lOriginal data from the NRAO Very Large Array courtesy of A. Pedlar, K. Anantharamiah, M. Goss, & R. Ekers

the backgrounds and a DM signal
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the galactic diffuse gamma-
1 Decay ray components can be modeled. In

-- - Inv. Compton addition we can model their morphology
on the galactic sky

Extended sources can also be modeled

(morphologically and spectrally)and

. - subtracted (yet with some uncertainties
5.0 0100. related to the mechanism producing

B (GeV) their signal)

VN
0
)
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a
3
)
~
©
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o
0
~
(o]
) g
=
4o
N
Z
o
o
=

@ Point sources can either be resolved or unresolved extragalactic sources
(AGNs, Star forming or starburst galaxies etc). But
. Misidentified GeV

scale CRs are also isotropic due to diffusion.

® Galactic point sources that can give strong gamma-ray signals in the GeV
range include SNRs in the inner part of the Galaxy and (more later
on that, but keep that last point in mind).
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From hydrodynamical simulations there are suggestions from different
groups in favor of contraction in the Milky-Way like halos with an inner
slope gamma from 1.0 up to 1.5.

Yet there still are groups suggesting flattening of the halo profile if
baryonic feedback processes are efficient.

Assuming profile with some uncertainty in the inner slope is the
way to treat any search for a signal of DM from the inner galaxy.

Gottglober et al.
1005.2687 ) e

Levine at al. 2008 ApJ
678, 154

Nagai 2006 ApJ 650, 538
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Hooper&Linden 1110.0006

Smoothed Raw gamma-ray map

Wi |; Il“
POINT SOURCES
(2yr catalogue)

E,=300—-1000 MeV

1 (degrees) 1 (degrees)

Model for Galactic Diffuse Emission Excess Difuse Emission

Thursday, October 10, 2013



A clear

—
E,=100-300 MeV

of the total emission in
the inner few degrees is
removed

b (degrees)

1 (degrees)

B E Residuals not related to the
I D : galactic center (GC) are up fo
SRR B SR ) ' ~5% as bright as the GC resi-
| | - ' dual

~
n
(]
(]
~
o)
[
T
~
0

I (degrees) I (degrees) @® EXxcess emission cuts-off at

—
E,=10-100 GeV

b (degrees)

1 (degrees)

E® dN/dE (GeV cm™® s71)
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X Total Residual (this work) . . .
© Point Bmission, Boyarsky ct al. Only a small fraction of the emission

O Extended Emission, Boyarsky et al.

can be associated to the TeV point sour-
ce emission in the GC

E* dN/dE (GeV ecm™® s71)
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Statements

FROM a Talk of mine in 2010 at SISSA

Using the Fermi gamma-ray data and modeling the background they suggest
a signal from DM annihilation seen in the inner1.25° ~175pc.

arXiv:1010.2752 arXiv:0910.2998

DM mass : 7.3-9.2 GeV 25-30 GeV

DM profile : ~NFW with p oc 7~ 194004 o =11

(o) =33x1072"—15x 1070 em3/s  ~9x1072° em?/s

annihilates predominantly to: T bb
dN. (ov)
& (E — “(r)dl
Comment:

Background gamma-ray estimates dominate the result
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Non-Dan Hooper related groups on the inner 1-2 degrees

Abazajian & Kaplinghat (1207.6047)

g
]
}
g

| isotropic and

galactic diffuse gamma-ray

components are modeled using the '
Fermi tools. So are the point

sources e TR e 5

® The excess is found at a
significance level of Delta(ln(L))
=400 in log likelihood difference

Q

® The morphology of the excess is
confirmed, the spectrum is similar

@® Suggestive of the fact that the
excess is not just the result of
mis-subtraction of somewhat well
understood backgrounds

| * IER K
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Gordon & Macias (1306.5725)

[\
(S
=]

-------------- NFW (v = 1.2)
-------- Point source model

Galactic latitude (b)

2° 0° —2°
Galactic longitude (1)

[ ——

Mpy = 10 GeV, 100% bb Inner slope:
—  Mpy = 30 GeV, 100% bb v = 1.2
- -  Mpy = 10 GeV, 100% 77~

surface brightness [counts/pixell]

0.1 0.2 0.3 0.4 0.5
distance [deg]

e
o
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A different way of seeing the level of agreement

between individual results

Lets Consider as an example the case of DM annihilation into taus,
b-qUCll”kS or combinations : TABLE II. The best-fit TS~, negative log likelihoods, and

Aln L from the baseline, for specific dark matter channel
models, using the a3y profile (Eq. 2.1) witha =1,8 = 3,7y =
1.2.

Gordon & Macias (1306.5725)

channel, m,

Inner slope: B 10 CI, this work bb, 10 GeV 139913.6
. bb, 30 GeV 139658.3
|1 20 CI, this work bb. 100 GeV e

|

| ___ Hooper & Linden (2011) bb, 300 GeV 140056.6
--------------------------------------- bb, 1 TeV 140108.2
bb, 2.5 TeV . 140114.2

777,10 GeV 139787.7

7v77, 30 GeV 140055.9

77717, 100 GeV 140113.4

N -

< _____

10% bb,

90% leptons Abazajian & Kaplinghat (1207.6047)

Degeneracies in annihilation The excess signals from different
products analyses,

10 15 20 25 30 35 40 45
MDM [GeV]

< ov > [cm?/s]
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The amplitude of the signal is with constraints
from other indirect probes: Dwarf spheroidal galaxies, antiprotons,
gamma-rays from other regions of the galactic sky

xx~>b quarks

— xX — bb, this work — xX — bb, this work
--- xX — bb, Fermi LAT Dwarfs (2years) --- xX — bb, Fermi LAT Dwarfs (2years )

2al "' XX — bb, Hooper & Linden (2011) _s4] """ XX — bb, Hooper & Linden (2011)
ww  Thermal relic cross-section ) w Thermal relic cross-section

Inner slope:
~y=1.2

— — antiprotons
— - — leptons
— 7 (0<i<8,1<Ibi<9)

Gordon & Macias (1306.5725) i asosrten)

Derived limits form the same inner
few degrees region are

— — antiprotons
— - leptons
— 7 (0<1<8,1<Ibl<9)
- - - 7 (0<hl<8,9<Ibl<25)
7 (0<I11<180,60<1bl<90)

for b-quarks by a factor of 2.

Tavakoli, IC, Evoli, Ullio (1308.4135)
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For a DM signal you want to look outside the galactic disk but still just
above the galactic center (also dSph galaxies can be an alternative
target)

Advantages of going outside the inner few degrees:
i) on how the should look
(same shape) and how its should be (contacted NFW)

ii) Different region on the galactic sky suffer from different
uncertainties in the background models: In the inner part of the Galaxy
subtraction is a very important uncertainty, the
density is also an important uncertainty and also the IS an

other. At higher latitudes : Fermi Bubbles, possibly

(unaccounted for in spectral line observations). Also propagation
assumptions on the CRs may differ significantly between different
regions of the Galaxy (due to strong winds outflows or magnetic fields
causing anisotropic and preferential diffusion).
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Hooper & Slatyer
1302.6589

Search for residuals af E SR ]
I 30-40 degrees - - - - |

higher latitudes account- BTN = Ee
ing for the Fermi bubbles. AT S
Account for diffuse gam-

ma rays (isotropic and
galactic). Account for p.s. |
Residuals can be retrieved J

GALPROR_ IC ————— ]

9"""t,n ) N
L r E . / T
- N 4 =
e Tk }i’
\'."\~~ 4
e N ! T
~ METE

\

E2 dN/dE [GeV/cm?/s/st]

| J"‘"
it

Galactic Latitude (deg.)

|
10
Galactic Longitude (deg.) Photon Energy [GeV]

Diffuse model | lefuse model southern sky : Low-energy template §
20-30 degrees | . 20-30 degrees | I 20-30 degrees |
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Residuals in different parts of
the galactic sky

[b|=30-40

ICS + DM fit ICS + DM fit

WH’H i % Xas/d.0.f.=213.4/109 Ibl = 10 — 20 [deg.] bl = 20 — 30 [deg.]

@/cmz/s/sr)
®
D &

FX2usics/d.0.1.=110.9,/109

\
\

,
.
y
s’ \
p \
/ \ ‘{
/ \
1
] ] ’1/[ J [N ] ]

5.0 10.0 50.0100.0 0.5 1.0 5.0 10.0 50.0100.0
E, (GeV) E, (GeV)

T T T T T T T T

E? AN/dE (GeV/cm?/s/sr)

E? dN/d

|b|=20-30 deg. [b|=10—20 deg.

E,? d&/dE,d0 [GeV cm™? 57" sr7']
E,? d&/dE,d0 [GeV cm™ 57" sr7']

10 10
E, [GeV] E, [Gev]

ICS + DM fit ICS + DM fit

E? dN/dE (GeV/cm?/s/sr)
E? dN/dE (GeV/cm?/s/sr)

! C Ibl = 30 — 40 [deg.] ] L bl = 40 — 50 [deg.] ]
l‘ “r
| il | |

|
5.0 10.0 50.0100.0 5.0 10.0 50.0100.0

E, (GeV) E, (GeV)

E,% d® dE,dD [GeV cm™? 57" sr7']

E,? d&/dE,d0 [GeV cm™2 57" s:7']

annihila

profile \ |
nicely thet ™ -
phology of l | D | T oo 13847109

| ] | |
5.0 10.0 50.0100.0

excess at B, (Ge)

(ov) [em® s7']
=
b
DM life—time [s]

b, y2/d.of.=110.9/109]
L ; L L ; L L ; L L ; L L

Similar resulfs at high Vg
. o LT, xhmldo £, = 120.6/109 |
latitudes from independent o I
g r Oup Mpy [GeV] 50 MDISIO[GeV] 150 200

Figure 9:  Confidence regions (99% C.L. and 68% C.L.) for the annihilating (left panel) and
decaying (right panel) DM component in the analysis of the Fermi bubbles spectrum (see text

for details).
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How about a collection of Unresolved MSPs ?

Consider a large population of unresolved points sources distributed throughout the
inner 100 parsecs of the Galaxy could produce the observed signal, Most likely
scenario ~10° millisecond pulsars.

Why MSPs? : The observed spectra of Fermis observed MSPs are qualitatively similar
to that from the extended emission from the Galactic Center.

Still the Galactic Center emission appears to have a significantly harder spectral
index below ~1-2 GeV

Also suggested the morphology in the inner few degrees of the observed flux implies
a very concentrated distribution of sources (F o r -2:®), while the observed stellar
distribution is much more shallow (nstar & 1 12°)

Yet, MSPs are born as a result of star-star interactions, so in that environment they

may have been formed over the last many Gyrs at a preferable rate (and distribu-
tion).
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A bit about Pulsars in General
Basic model assumed Magnetic dipole radiation (n=3)

synchrotron pulse

\ -
’

Spinning Up of a
pulsar (with a period oF
seconds) to a S~ 10% B RE, P erg 57!

NN RO IMONMs — 3.3 x 10715(B/10'2G)2 (P/0.35)""
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Known MSPSs (37 from Fermi) Gamma-Residual

Ib|=10—20 deg.

VS

Best Fit:
dN/dE ~ E"1*® exp(—E/3.3 GeV)

o
n
N
2]
RN
o
=
O
~
=
o
S
=
T
™~
Z
gl
o
=

0.5 1.0 5.0 10.0 50.0 5.0 10.0 50.0100.0

E, (GeV)

E, (GeV)

. __—Average Pulsar Index

N vt s Index If we change the power-law to E”-1

5 (Ecut=2.75 GeV), E-"0.5 (Ecut=2.0 GeV)
verzan 5 we can get a befter fit to the excess.

NGC 6388

- BUT excluded from the data on the left
at (at least) 99.8% CL.

Hooper, IC, Linden, Siegal-Gaskins,

Spectral Index T Slatyer (1305.0830) PRD accept.
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n(r, z) o exp(—r*/207) exp(—|z|/(|2]))

Number of Sources

MSPs+All Unidentified
- — - MSPs+Sybil (Pulsars+Inconclusive)
Identified MSPs

———— FGL Base Model

: spatial distribution in the Galaxy

:Based on some reference
assumptions on the MSP spatial
and B-field distribution, that
still over-predict the number of
dimmer but observable sources

E
: ; >
As reference we need 1-3x10° 3 MSPs in )
the inner 2 kpc bellow threshold =l
™~

1 . ZP\ nidentifie ources, Best Fit:

Fermi unresolved p.s. above |b|>10: 3 Unidentiied Sources, best i
Disagrees with the excess spectrum. -

- . 0.5 1.0 5.0 10.0 50.0
They are dominated by the AGN sample E, (GeV)
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MSPs have a characteristic time of Gyrs and kick velocities 10 km/s Will travel ~1
kpc inside the Galaxy. Thus a non Glob Clust. population not be very concentrated.

ALL pulsars (ATNF cafalogue)

Dist. (kpc)

In gamma
-rays they
are close

by.

Projected Distance To Sun (kpc)
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Number of Sources

- — —MSPs+Sybil (Pu1+Inconc)
Identified MSPs

<z>=1 kpc
<|z|>=0.3 Kpe

I

coaal
108 10~

 E, > 1 GeV)

Number of Sources

-- —MSPs+Syb11 (Pu1+Inconc)
Identified MSPs

No Overdensity_:
x10 Overdensityq

Being in at a
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Number of Sources

Number of Sources

f—_———— -Feii'mi Point Source Thresho]xf'

L L _

o . o ——
- — —MSPs+Sybil (Pul+Inconc)

Identified MSPs

- — —MSPs+Sybil (Pu1+Inconc)

Identified MSPs

Models that
would give enou-
gh MSPs in the
inner 2 Kpc over-
predict the num-
ber of MSPs that
should have
already been ob-
served by LAT at
locations closer to
the Earth

local overdensity/underdensity can not affect much the results




- — —MSPs+Sybil (Pul+Inconc)
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Identified MSPs
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— — —MSPs+Sybil (Pul+Inconc)
Identified MSPs

— — — - Disk+Bulgex?2

Disk+Bulge
Disk Model
—— Bulge Model

el Having a can
SRR -csult in adding dim

MSPs (since there

are no local MSPs

from the bulge).

Yet that does not

help much, especially

Eewamslll above |b|>20 where

- Disk Pl

eSSt the bulge population
can not contribute.
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@ How well have we probed the relevant uncertainties? Are
the different methods used to probe the excess signal in
the inner few degrees and at higher latitudes

(to quote Meng and Gabi)

in the inner part? (to quote Carmelo, Paolo and Pasquale)

@ Can we build up a new distribution of sources in the inner
1-2 kKpc that have the right properties but are not close by
to us? How would we see them? (to quote Christoph)

@ How about dSphs? (Dan is “enthusiastic” about the recent
Fermi results)

@ How about ? (I am not optimistic yet due to
large contamination from both background and foreground
emission)
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Count Map
1.2 < E [GeV] < 15

Count Map
1.2 < E [GeV] < 1.5

0.96 Log (photons)

2.3 Log (photons)

-12

Exposure Map

Exposure Map

12 < E [GeV] < 1.5

9.7e+10 cm® s

9.1e+09

9.7¢+10 em® s

5.6e+10

Galactic diffuse model

Galactic diffuse model
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DM annihilation | Mpy [GeV] | (ov) [em?s™!] | x2., /d.of.
bb 61.87%9 | 3.3070%9 x 10726 | 110.9/109

cC 20.3127 | 1.54%520 x 10726 | 112.7/109

qq 32.072% | 1737930 % 10726 | 111.9/109

T 10.670° | 5637928 x 10727 | 120.6/109
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FIG. 6. (a) Counts map in the 0.3—100 GeV energy band smoothed with a Gaussian filter of radius ¢ = 0.3°. The black
rectangles (1.0° x 0.5°) highlight the regions selected for the examination of the spatial uncertainties in the Galactic diffuse
background. The black and yellow circles show the regions where the flux of the file gal_2yearp7v6_v0.fits was varied to
evaluate the effects of the spatial dispersion of the model. (b) Histogram of the fractional residuals for ten rectangular regions
in five energy bands: 0.30—0.50 GeV, 0.50—0.80 GeV, 0.80—1.30 GeV, 1.3—10 GeV and 10—100 GeV. The residuals were
calculated as (observed-model)/model, where we also subtracted the best fit fluxes of all the sources (except for the Galactic
diffuse background source) from the observed counts map.
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