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Gravitational Dark Matter

Dark Matter is:

Cold
Collisionless
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‘How Much Dark Matter is in the Galactic Center?
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How Much Dark Matter is in the Galactic Center?

Dark Matter density within 1 pc of GC is 10,000x higher than near Earth

Still the total dark matter mass is small:

~300 M, within 1 pc

Dark Matter is not dynamically important near the Galactic center.



Dark Matter Density Spike

Gondolo & Silk (astro-ph/9906391) Merritt (astro-ph/0311594)

Stellar :
Interactions

IIIIIII‘IIII‘IIII‘III

Caveat - Adiabatic growth of the central black hole can produce a spike in
the dark matter density.

Only significantly contributes to mass in the most extreme scenarios.



Cold and Collisionless is Not Enough
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WIMP-y Dark Matter At the Galactic Center

Motivated by the WIMP miracle:
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- Mass Between MeV — PeV

- Annihilates into Standard Model Particles

- Annihilation sets observed abundance
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What Does Dark Matter Do in the Galactic Center?

Low-energy photons Positrons

Quarks \/\/\/\/\—» o

()
Medium-energy Electrons
gamma rays
Neutrinos

Leptons

Antiprotons

Supersymmetric '

neutralinos Sy Wrotons

Decay process m——)

- rrol = 1 kpc
— = rror =5 kpe, 7 only
—+  Ackermann et. al. (2015)
[ Walterbos and Grave (1985)
bb, M, =11 GeV
bb/TT~, M, = 5.8 GeV

A Fobs — 1 kpC

Dark Matter annihilation produces relativistic (~GeV) particles.

Gamma-Rays (prompt + inverse Compton scattering + bremsstrahlung)

Radio (synchrotron)

McDaniel et al. (1802.05258)

Tobs = O KpcC




Energy Injection Compared to Observations

-

<1° from the Galactic Center

(not to scale)

1x1037 erg s

35 GeV Dark matter Particle
Thermal Cross-Section

bb Final State

Einasto Profile

S5 x 1036 erg s




Energy Injection Compa'red to Observations

<6" x 10" from the GC

(not to scale) , {

330 Mhz
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80 mJy beam-1
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35 GeV Dark matter Particle
Thermal Cross-Section

bb Final State
Einasto Profile

0.8 — 800 mJy beam-1
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Gamma-Ray Observations of the GC
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Angular resolution is .... not ideal.



Possible Indications of Dark Matter Annihilation

9.08e-07

Data

750 — 950 MeV
Best Angular Resolution Cut
10° x 10° ROI




Cosmic-Ray Propagation Models

Calculate the diffusion of cosmic-rays from
central sources.

Cosmic rays interact with the
interstellar medium and
produce gamma-ray emission.




The Galactic Center Excess




The Galactic Center Excess Daylan et al. (incl. TL) (1402.6703)

Total Flux Residual Model (x3)

3.16 - 10 GeV

There are four resilient features of the GeV Excess:

1.) High Luminosity of ~2 x 1037 erg s1



The Galactic Center Excess Calore et al. (1409.0042)

— — broken PL -+ = DM 77+~

PL with exp. cutoff ) GC excess spectrum with
= stat. and corr. svst. errors
- = DM bb e & )

There are four resilient features of the GeV Excess:

2.) Hard Gamma-Ray Spectrum peaking at ~2 GeV



The Galactic Center Excess Carlson, TL, Profumo ( 1603.06584)
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There are four resilient features of the GeV Excess:

3.) Spherically Symmetric Emission Morphology



The Galactic Center Excess Calore et al. (1411.4647)

10~¢ .’

Hooper&Goodenough 2010 Calore+ 2014

e\ exceas emiasion Boyarsky+ 2010 Fermi coll. (preliminary)
at £ =2 GeV Hooperé&Slatyer 2013 -+ contracted NFW ~ = 1.26
Gordon+ 2013 Fermi Bubbles (extrapolated)

Abazajian+ 2014 HI + H2 (at 2 < 0.2 kpc)
Daylan+ 2014

10
Galactic latitude |b| [deg|, at £ = 0°

There are four resilient features of the GeV Excess:

4.) Extension from 0.1° to 10° from the GC.



Dark Matter Interpretations of the Galactic Center Excess
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Effect of Diffuse Emission Models Fermi-LAT Collaboration (1704.03910)

GC excess, Data selection GC excess, Small ROI

4 Sample 4 Sample

¢ ¢ Clean ‘ ¢ % |b,|l| <10°

¢ 4 PSF2&3 ¢4 b1 <20°
% [b], ]I < 30°

10Y 101 | : ‘ 10° 10t
E (GeV) E (GeV)

GC excess, GALPROP GC excess, Inverse Compton

B8 Sample #—+ z=4kpc ®—8 Sample

¢ ¢ OBstars 4 4 R=30kpc ¢ ¢ IC5rings
¢ 4 Yusifov ¥-¥ Optthin ) ¢ 4 IC combined
> » SNRs

Normalization and some other features can depend sensitively on diffuse
emission modeling.



Effect of Diffuse Emission Models

Carlson, TL & Profumo (1603.06584)
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Galactic Center is the Brightest Source! Ackermann et al. (1503.02641)

Pass 8 Combined dSphs
Fermi-LAT MW Halo
- H.E.S.S. GC Halo

MAGIC Segue 1

)\ Abazajian et al. 2014 (10)
Gordon & Macias 2013 (20)
Daylan et al. 2014 (20)
Calore et al. 2015 (20)

Thermal Relic Cross Section
(Steigman et al. 2012)

10°

DM Mass (GeV/c?)

Bright signal at the galactic center still (reasonably) consistent
with null observations in other targets.



Millisecond Pulsars and the Galactic Center Excess

5% 1077

Stacked Fermi M SPs

0.5 1.0 5.0 10.0 50.0 100.0
E (GeV)

The gamma-ray spectrum of MSPs also looks like the excess.



Millisecond Pulsars and the Galactic Center Excess Bartels et al. (1711.04778)
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The excess may be better fit by a “bulge” component that
traces the nuclear bulge and the morphology of Red Clump
Giants.



Evidence for Point Source Contributions to the Excess

Bartels et al (2015; 1506.05104)

Two Analyses Found fluctuations exceeding Poisson noise in the Fermi data:

Non-Poissonian Template Fitting (Lee et al.)
Wavelet Analyses (Bartels et al.)



Millisecond Pulsar Explanations for the Galactic Center Excess
Lee et al (2015; 1506.05124)
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Number of sources peaks just below the Fermi-LAT detection threshold.

Sub-threshold point sources absorb the majority of the Galactic Center flux.



Are Point Source Models Reliable? Ajello et al. (1511.02938)
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Point Source determinations depend heavily on diffuse modeling.



Are Point Source Models Reliable? Horiuchi et al. (1604.01402)
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Point Source determinations depend heavily on diffuse modeling.



Why Haven’t We Found the Pulsars?
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Why Haven't We Found the Pulsars?

Hooper Cholis, TL(1407.5583) Brandt & Kocsis (1507.05616)
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Should already see ~50 pulsars Should not see many pulsars




Why Haven’'t We Found the LMXBs?
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Radio surveys must find MSPs.

Can correlate observed MSPs with gamma-ray data. © Bulge MSPs
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Calore et al. (2016; 1512.06825)



Radio Searches for Dark Matter Annihilation

Low-energy photons Positrons

gamma rays
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Radio Observations are Cool




Radio Searches for Dark Matter Annihilation Cholis, Hooper, TL (1408.6224)

Radio Constraints Dominated by Modeling
Uncertainties:

Starlight vs. Magnetic Field
Diffusion / Convection



Radio Searches for Dark Matter Annihilation Cholis, Hooper, TL (1408.6224)

v=1.26, V=100 km/s

Some irreducible uncertainties:
30 50 70 100

Size of the dark matter core. mpy (GeV)




Significant Room for Improvement Nord et al. (astro-ph/0312219)

Lots of low-hanging fruit!

Better radio constraints on the diffuse
synchrotron emission (point source separation).

Modeling the spectrum of synchrotron emission
near the Galactic center.

O 10

Frequency (GHz)



“Significant Room for Improvement

NRFs

Radio Arc
o m
SNR . \
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Previous radio constraints have concentrated on the
Galactic center — only because of diffusion.

1072 10-1 100
Influential paper could be written on synchrotron r (pc)
constraints in 1-100 pc regions!




Dark Matter Interactions with Compact Objects
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What Happens When Dark Matter Doesn’t Annihilate?

Collider
production
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Indirect detection




Dark Matter Induced Neutron Star Collapse

Black Hole Accretes
Neutron Star

Dark Matter Accreted
by Neutron Star

Dark Matter Accumulates
and Collapses into Black Hole



Dark Matter Induced Neutron Star Collapse
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Dark Matter Induced Neutron Star Collapse

©\

GRS 1741.9-2853

SgrA*and Swift J174535.5-285921

SGRJ1745-29

AX J1745.6-2901

Swift J174553.7-290347




Bramante & TL (1405.1031)
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Dark Matter Induced Neutron Star Collapse  taleyetalom

3 4
2-8 keV Flux [107!° erg cm™2 s71]




Dark Matter Induced Neutron Star Collapse




Conclusions

1.) Dark Matter is prevalent into the Galactic Center.

2.) May produce a significant fraction of the total gamma-ray and radio
flux.

3.) Dark Matter may also noticeably affect compact objects.

4.) Future discoveries require close collaboration between astronomers
and particle physicists.




2FIG Catalog

pe A ;‘ui Y o~ : . . '*__ ATy A :' Sk
X %‘**' -C-i'llr.‘*“’.'... :
2 -llm:lﬂ»gj& Sl 5
- 'S ;

".-

Counts/Pixel

-)
O
—

p—t

=
(V)
[\

dN/dL [erg™! s]
3

Fermi-LAT collaboration unveiled a
new analysis that claimed a detection

of these pulsars at >70.
Fermi-LAT Collaboration (2017; 1705.00009)

H

1
(GV)
I~

p—

=
w
ot

dN/dL o L™
Young PSR
MSP

PSR




2FIG Catalog

We re-analyzed the Fermi-LAT data,
and found very different results.

An error was subsequently found in
the Fermi-LAT analysis.

Lpin = 1032 erg/s
o o oo 2z
(1.217055)x10%  0.197705  2.0870 g 0
(1.077952)x10%  0.131099 21579712 (5.141359)x10°

Loin = 1033 erg/s

Np zolkpc] B Np

0.36 0.08 0.13
(1.247050)x10*  0.327 008  2.1070715 0

(1.027950)x10*  0.231092  2.207017  (4.571592)x103

<,

Bartels et al. (2018; 1710.10266)




Why Haven’t We Found the Pulsars?
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Why Haven’t We Found the Pulsars? 2
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Effect of Diffuse Emission Models Carlson, TL & Profumo (1603.06584)

= Mod A * I 600km/s
0 km/s — 800 km/s
200 km /s —— 1000 km/s
400 km/s —— 1200 km/s

10t 102
E [GeV]

Normalization and some other features can depend sensitively on diffuse
emission modeling.




NPTF and Wavelet Analyses

GCE Regions
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X D,

15

10

Regions VII and VIII are the easiest to understand and
compare to, since they are removed from the center, far
from the Bubbles, and in these parts of the sky point
sources from the Galactic disk are expected to be rela-
tively most dominant. At 1.5 GeV and above, in these
two regions we find that ~30-50% of the total (1 < 57 < 9)
emission is in the first two wavelet scales, and moreover
the first two wavelet scales contribute negatively. There

are 1.2 3FGL point sources per deg? on average in these
two windows. This is still higher than the average of
1.02 3FGL point sources per deg® along the two stripes
of 2° < |b| < 5° extending at all longitudes: Regions VII
and VIII are rich in detected point sources. Only Re-
gions II and VI have a similar ~ 30% of their emission in
the first two wavelet scales, which is also negative. The
magnitude and the sign of this small scale contribution
is intriguing. The negative sign in the first two wavelet
levels for the regions near the (Galactic center and Galac-
tic disk means that unphysical flux has been imparted
to the templates on small angular scales at intermediate
angular distances from the Galactic center. This is sug-
gestive either of mismodelled bremsstrahlung and pion
emission or the inclusion of spurious point sources near
the galactic center. We note that Region 0 does not sui-
fer from a similarly large negative contribution at small
angular scales. This may be an indication of the large
positive contribution from the GCE, or an issue with the
procedure to determine the point-source maps.

Balaji et al. (1803.01952)




