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Why the Galactic Center?

The Galactic Center Is the Brightest
Target for Dark Matter Annihilation

Indirect Detection

The number of annihilations expected from the galactic

Duar faverite images strike againd center is 100x greater than the dwarf galaxies we discussed
two lectures ago
J-Factor

The Fermi-LAT Telescope

This can be quantified in a term
called the |-Factor:

The |-Factor tells us the number ey
of astrophysical annihilations

across any line of site A Gamma-Ray detector:

- Sees light with energy about 1
M billion times higher than the
energy of light in this room.

Launched into space in 2003

Still taking data!




Indirect Detection

thermal freeze-out (early Univ.)

indirect detection (now)
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Our favorite images strike again!




The Galactic Center Is the Brightest
Target for Dark Matter Annihilation

The number of annihilations expected from the galactic
center is 100x greater than the dwarf galames we discussed
two lectures ago |




J-Factor I -
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This can be quantified in a term N
called the J-factor: ~ i

The ]-Factor tells us the number
of astrophysical annihilations
across any line of site
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The Fermi-LAT Telescope

A Gamma-Ray detector:
Sees light with energy about 1
billion times higher than the

energy of light in this room.

Launched into 'space in 2008.

Still taking data!




Fart of a Long Stream of Papers

Daylan et al. (20K)
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Backgrounds

Pednt Sowrce Backgraunds

Data Analysis

Exposure Data

Have to take into
account what the
telescope can see

Raw Photon Data

What the Fermi-LAT records is @ series of photons

Two Analysis Techniques

Galactic Center
Look at different

s ""'_.'_““ " regions of the sky

Inner Galaxy

Remove data while the "2+ : _H-?‘-”?‘-"'-" i “J[ il Different signals
satellite moves through =~ |} % and different
"bad" areas of the sky L dom | backgrounds

L =

A Dark Matter Component?

Testing the Morphologq

Testing the Spectrum

A residual

emergesl It looks like this signal extends

far from the galactic center.
Maintains a constant slope

el

Looks similar |8
to dark matter .

lnner Galaxy

Galactic Center
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Part of a Long Stream of Papers

Goodenough & Hooper (2009)“'

Hooper & Linden (2011, PRD 84 1"2' " ”
Abazajian & Kaplinghat (2012, PRD 86 8)
Hooper & Slatyer (2013, PDU 2 118)
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Macias & Gordon (2014, PRD 89 6)
Abazajian et al. (2014, PRD 90 2)
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Daylan et al. (204)
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Raw Photon Data

What the Fermi-LAT records is a series of photons




Exposure Data

Have to take into
account what the
telescope can see

3.67a+09 7.348+09 1.11e+10 1.4Te+10 1.848+10 3.718+10 2.588+10 7958110 3.37e+10
11ce gtmktime ft2 !

Remove data while the
satellite moves through
"bad" areas of the sky




Two Analysis Techniques

Galactic Ce.nte‘r
- lLookatdifferent
" regions of the sky

Inner Galaxy

Different signals
and different
backgrounds




Point Source Backgrounds
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Fermi-LAT has detected more than
2300 point sources - those aren't
dark matter




- Point Source Backgrounds

Fermi-LAT has detected more than
2300 point sources - those aren't

dark matter




Diffuse Astrophysical Backgrounds '




A Dark Ma’rter Componen’r?

A residual
emerges!

Lopks similar
to dark matter _




A Dark Matter Fitl

Total Flux Residual Model (x3)

0.5-1 GeV residual 1-2 GeV residual
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Testing the Spectrum
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Testing the Morphology

It looks like this signal extends
far from the galactic center.
* | Maintains a constant slope

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




y Spherical Symmetry of the Signal
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Centered-ness of the Excess
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Interpreting The Excess

Hll]lsecund Pulsars

Hadronic Qutbursts

Important Note Leading Candidates

T By o dark motter fan - fhis spectrim ‘
’ w Could a massive outburst from
When we have said "dark matter improves the fit" - j S Sera pmdune the emission?
what we really mean is that - "a template motivated
by dark matter improves the fit” ’

We now know there is an additional component - we Pulsars o t‘” e
just need to figure out what it is! gl 5

¢ (ark Martfer

Leptonic Outbursts

Can fix some of the morphological problems. using leptons

Dark Matter r Dwarf Galames

Fermi dwarf galaxies eould provide a
strong confirmation of the signal
N aﬂ
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Where to go From Here?

“Dur tate if very much o procesi-of-ehmination
argament e made 8 Bit, sorafhed off thingt that didnt
wirk, and ended up with dork mafter” - Daug Finkbeiner
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Important Note

When we have said "dark matter improves the fit" -
what we really mean is that - "a template motivated , .
by dark matter improves the fit"

We now know there is an additional component - we
just need to figure out what it is!




Leading Candidates

Pulsars .
Outbursts from The Galactic Center
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Millisecond Pulsars

New Millisecond Radio Pulsars Found in Fermi LAT Unidentified Sources

As a dark matter fan -~ this spectrum
iS very annoying....
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Why Not Millisecond Pulsars Missing Pulsar Problem

If Millisecond Pulsars make up all of the emission in UF‘ until 23, no pulsars had been
the galactic center, we should have seen some by = discovered st the galactic center.

now. B : was possible that the high density
of electrons near the galactic center

was smearing out the signal, making
them impossible to see.

Instead. we actually see no millisecond pulsars very
close to the galactic center.

Then we found ane.....
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Why Not Millisecond Pulsars

If Millisecond Pulsars make up all of the emission in
the galactic center, we should have seen some by
now. '

. . " 3a
Instead, we actually see no millisecond pulsars very
close to the galactic center.

Why?




Missing Pulsar Problem

Astronomers Discover a Magnetar at the
Galactic Center

August 16, 2013

Artist's impression of PSR J1745-2900, a pulsar with a very high magnetic field (“magnetar”) in direct
vicinity of the central source of our Galaxy, a supermassive black hole of approximately 4 million times
the mass of our sun. Measurements of the pulsar imply that a strong magnetic field exists in the vicinity

around the black hole. MPIfR/Ralph Eatough.

An international team of astronomers has discovered a magnelar af the center of the
Milky Way galaxy.

Astronomers have discovered a magnetar at the center of our Milky Way. This pulsar
has an extremely strong magnetic field and enables researchers to investigate the direct
vicinity of the black hole at the heart of the galaxy. An international team of scientists

Up until 2013, no pulsars had been
discovered at the galactic center.

It was possible that the high density
of electrons near the galactic center
was smearing out the signal, making
them impossible to see.

Then we found one.....

Another Sign of Dark Matter?

One one (very young) pulsar, called a magnetar has
been discovered near the galactic center. We expect
[ there to be thousands.....

MIGIERE e come nommemne woes s smor cass e

seing Pubsars May Have Garten
tter and Turned Inka Black




Another Sign of Dark Matter?

One one (very young) pulsar, called a magnetar has
been discovered near the galactic center. We expect
there to be thousands.....

m I BE E GEAR SCIENCE ENTERTAINMENT BUSINESS SECURITY DESIGN OPINION MAGAZINE :-\\ Q § - ﬂ.‘.'

science L e, foLLOWWRED o o @

Mysterious Missing Pulsars May Have Gotten e
W!apped in Dark laatter and Turned Into Black Wired Science Blogs

H o] Ies Our netwerk of all-star science bloggers.

BY MARCUS WOO 1M.0314 | &30 AM | PERMALINK
S Beyond Apolio Brain Watch
/id 8. F. hristian Ji
Eishare 14k WTweet (363 341 0 [EL] = Punit & e R Chstian Jamat

ree

¥ Charismatic Dot Physics
%0 Minifauna Riett Allain

Read the latest Wired Science Blogs articles
(3 Follow us on Twitter

SPACE PHOTO OF THE DAY



Hadronic Outbursts

4 Could a massive outburst from

_—y m . Sgr A* produce the emission?

Daylan et al PGV11

PLExp1 : y
e =13.71, T,
P = 1105, T,

M,

P




o
@
©
w
o
3
J;J
e
[
-
v
p!
L
m
o
L

-10

Galactic Latitude [deg]

-20 -20 -20
-20 =10 0 10 20 =20 -10 0 10 20 =20 -10 0 10 20

Galactic Longitude [deqg] Galactic Longitude [deg] Galactic Longitude [deq]

Not very spherical, doesn’t fit the excess well




Leptonic Qutbursts |

Can fix some of the morphological problems using leptons

— T

by, to, Ey 3
0.3 by, 3 ¢
= === 3 by, 0.3 19
7 1x10  —
¢ 3
m
Why Not?

Electron Cooling is very efficient. Hard to get the
correct spectrum to stay constant as you travel
farther from the galactic center

EF [GeV em 25 'sr )
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Why Not?

Electron Cooling is very efficient. Hard to get the
correct spectrum to stay constant as you travel
farther from the galactic center

— by, ty, Eq
0.3by, 31,2 Ey
== 3 by, 0.3 10, 0.5 Eo
0.5 1.0 20
E [GeV]
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The spherical symmetry and radial distribution of the
signal closely resembles a dark matter source.




Morphological Fits.
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The spherical symmetry and radial distribution of the
signal closely resembles a dark matter source.




Fermi dwarf galaxies could provide a
strong confirmation of the signal
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Fermi-LAT Pass 8 Dwarfs (95% C.L.)

- Ackermann+ 2012 MW Halo (3 o)
Ackermann+ 2014 Dwarfs (95% C.L.)
Calore+ 2014 (2 #)

Daylan+ 2014 (2 =)

Abazajian+ 2014 (1 )

Gordon & Macias 2013 (2 #)

Preliminary

Mass (GeV)
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Where to go From Here?

"Our case is very much a proccs's-of-elimina}ion
[ argument. We made a list, scratched off things that didn’t
work, and ended up with dark matter,” - Doug Finkbeiner

If we knew what it was we were doing, it would not
be called research, would it?” - Albert Einstein
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