The Characterization of the Gamma-
Ray Signal from the Central Milky Way

Tim Linden

along with:

Tansu Daylan, Doug Finkbeiner, Dan Hooper,
Stephan Portillo, Nick Rodd, Tracy Slatyer, llias Cholis

arXiv: 1402.6703
1407.5583

1407.5625
Cosmology 2014- August 28, 2014



Gamma-Ray Backgrounds
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The Galactic Center

® Total Observed Gamma-Ray Flux from 1-3 GeV within 1° of
the GCis ~1 x 10'%erg cm? s

® The flux expected from a vanilla dark matter model
(100 GeV -> bb with an NFW profile) is ~2 x 107 erg cm? s

® There's no reason this needs to be true -- the total gamma-
ray emission from the Galactic center happens to fall within
an order of magnitude of the most naive prediction from
dark matter simulations



Two Separate Analyses

Inner Galaxy.
e |Ib|>1°

e Bright point sources
masked at 2°

* Allow diffuse templates
(galactic diffuse, isotropic,
Fermi bubbles, dark matter)
to float independently Iin
each of 30 energy bins

Galactic Center
Ib] < 59, |I| < 5°

Include and model all point
sources (37 d.o.f.)

Use likelihood analysis to
calculate the spectrum and
Intensity of each source
component

Calculate log-likelihood to
determine significance of
component



Consistent Results!
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Consistent Results!

Full Sky, |b|>1°
Southern Sky, |b|>1°
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The Magnitude of the Signal

Total Flux Residual Model (x3)
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Spectral vs. Morphological Fitting:
The Rlng Fit AnaIyS|s
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Some (Very Slight) Evidence for Changes in the Profile?
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Astrophysical and dark matter interpretations of extended gamma-ray emission from
the Galactic Center

Kevork N. Abazajian,* Nicolas Canac,! Shunsaku Horiuchi,} and Manoj Kaplinghat®

Center for Cosmology, Department of Physics and Astronomy,
University of California, Irvine, Irvine, California 92697 USA

their best fit values. The change for Ay = +0.1 is larger.
We include point sources from the 2FGL catalog [2] in § Fitting a polynomial to the profile likelihood on the vari-
our ROI, 7° x 7° around the GC centered at b= 0, =0. § ation of Y, We find v = 112 £ 0.05 (Statistical errors




Peaked Towards the Galactic Center

Fits for DM Cores *

50 70
Dark Matter Core (pc)




Comparison To Other Residuals
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Non-Dark Matter Explanations

- Several Models have been proposed to explain the excess

- An undetected population of IMISPS (Abazajian et al. 2011)
- Transient Outbursts from the Galactic Center
Hadronic (Carlson & Profumo 2014)

Leptonic (Petrovic et al. 2014)



Why Could it be MSPs?
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Why Could it be MSPs?

DEGENERACY WITH MILLI-SECOND
PULSARS IN SPATIAL PROFILE Ve make the

reasonable
" Voss and Gilfanov 2007 :
assumption that

T ﬁ— N ' Low-Mass X-ray

Binaries have the
kN L same spatial

steepening Pl :
withrospackito distribution as

Bulge stellar MSES
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00” towards M3 1
center =
|.5 kpc distance
from center =

|0 degrees towards
R [arcsec] MW center

Orange line is same as best-fit excess template
(R~'2 in projection implies r2-2 de-projected)!




q—
S
N
=
'
N
(1]
=
r-
™
O

FERMILAB-PUB-14-236-A

A New Determination of the Spectra and Luminosity Function of Gamma-Ray

Millisecond Pulsars

Ilias Cholis,! Dan Hooper,»? and Tim Linden?

! Fermi National Accelerator Laboratory, Center for Particle Astrophysics, Batavia, IL

2 University of Chicago, Department of Astronomy and Astrophysics, 5640 S. Ellis Ave., Chicago, IL

I University of Chicago, Kavli Institute for Cosmological Physics, Chicago, IL
(Dated: July 22, 2014)

In this article, we revisit the gamma-ray emission observed from millisecond pulsars and globular
clusters. Based on 5.6 years of data from the Fermi Gamma-Ray Space Telescope, we report gamma-
ray spectra for 61 millisecond pulsars, finding most to be well fit by a power-law with an exponential
cutoff, producing to a spectral peak near ~1-2 GeV (in E?dN/dE units). Additionally, while most
globular clusters exhibit a similar spectral shape, we identify a few with significantly softer spectra.
We also determine the gamma-ray luminosity function of millisecond pulsars using the population
found in the nearby field of the Milky Way, and within the globular cluster 47 Tucanae. We find that
the gamma-ray emission observed from globular clusters is dominated by a relatively small number
of bright millisecond pulsars, and that low-luminosity pulsars account for only a small fraction of
the total flux. Our results also suggest that the gamma-ray emission from millisecond pulsars is
more isotropic and less strongly beamed than the emission at X-ray wavelengths. Furthermore, the
observed distribution of apparent gamma-ray efficiencies provides support for the slot gap or the
outer gap models over those in which the gamma-ray emission originates from regions close to the
neutron star’s magnetic poles (polar cap models).

PACS numbers: 97.60.Gb, 95.55.Ka, 98.70.Rz




Millisecond Pulsars

Stacked Fermi MSPs 7 ™ ‘:’:"::.—_ﬁ._.t,_ Stacked Fermi GCs $I
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Fermi observations allow us to study the
spectrum of the millisecond pulsar population



Millisecond Pulsars

We can also calculate the
luminosity function of MSPs

e Two methods are used, one

based on the population of field
MSPs, and the other based on
the population of X-Ray bright
MSPs detected in the globular
cluster 47 Tuc.

Cholis et al. (2014)
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Millisecond Pulsars
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Challenges in Explaining the Galactic Center Gamma-Ray Excess with Millisecond
Pulsars

Ilias Cholis,! Dan Hooper,!»? and Tim Linden®

! Fermi National Accelerator Laboratory, Center for Particle Astrophysics, Batavia, IL
* University of Chicago, Department of Astronomy and Astrophysics, 5640 S. Ellis Ave., Chicago, IL
9 University of Chicago, Kavli Institute for Cosmological Physics, Chicago, IL
(Dated: July 23, 2014)

Millisecond pulsars have been discussed as a possible source of the gamma-ray excess observed
from the region surrounding the Galactic Center. With this in mind, we use the observed population
of bright low-mass X-ray binaries to estimate the number of millisecond pulsars in the Inner Galaxy.
This calculation suggests that only ~1-5% of the excess is produced by millisecond pulsars. We also
use the luminosity function derived from local measurements of millisecond pulsars, along with the
number of point sources resolved by Fermi, to calculate an upper limit for the diffuse emission from
such a population. While this limit is compatible with the millisecond pulsar population implied by
the number of low-mass X-ray binaries, it strongly excludes the possibility that most of the excess
originates from such objects.

21 Jul 2014

PACS numbers: 97.60.Gb, 95.55.Ka, 98.70.Rz




Millisecond Pulsars
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Millisecond Pulsars
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e Using the luminosity function shown here - There would need to be
226 (+91/-67) MSPs with luminosity > 103* erg s in the circular
region, and 61.9 (+60/-33.7) with luminosity > 10%° erg s'.

 We can also compare the MSP population to the observed LMXB
population. Using the ratio for LMXBs to the MSP luminosity of
globular clusters, we predict that the gamma-ray luminosity in the
Galactic center would imply a population of 103 (+70/-45) LMXBs in

the GC, only 6 are detected



Why are Outburst Models Reasonable?

1.) Sgr A* is currently in a quiescent state, with a current luminosity 10-° of the Eddington luminosity.

2.) However, evidence points towards historical outbursts

Echoes of multiple outbursts of Sagittarius A*
revealed by Chandra
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ABSTRACT

Context. The relatively rapid spatial and temporal variability of the X-ray radiation from some molecular clouds near
the Galactic center shows that this emission component is due to the reflection of X-rays generated by a source that
was luminous in the past, most likely the central supermassive black hole, Sagittarius A*.

Aims. Studying the evolution of the molecular cloud reflection features is therefore a key element to reconstruct Sgr A™'s
past activity. The aim of the present work is to study this emission on small angular scales in order to characterize the
source outburst on short time scales.

Methods. We use Chandra high-resolution data collected from 1999 to 2011 to study the most rapid variations detected
so far, those of clouds between 5 and 20’ from Sgr A* towards positive longitudes. Our systematic spectral-imaging
analysis of the reflection emission, notably of the Fe Ka line at 6.4 keV and its associated 4-8 keV continuum, allows
us to characterize the variations down to 15” angular scale and 1-year time scale.

Results. We reveal for the first time abrupt variations of few years only and in particular a short peaked emission, with
a factor of 10 increase followed by a comparable decrease, that propagates along the dense filaments of the “Bridge”
cloud. This 2-year peaked feature contrasts with the slower 10-year linear variations we reveal in all the other molecular
structures of the region. Based on column density constraints, we argue that these two different behaviors are unlikely
to be due to the same illuminating event.

Conclusions. The variations are likely due to a highly variable active phase of Sgr A* sometime within the past few
hundred years, characterized by at least two luminous outbursts of a few-year time scale and during which the Sgr A*
luminosity went up to at least 10% erg s™'.

1 [astro-ph.HE] 15 Jul 2013

Key words. Galaxy: center — X-ray: ISM — ISM: clouds
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Hadronic Outbursts
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Carlson & Profumo (2014)

Carlson & Profumo (2014) proposed that an outburst of
protons from the galactic center could explain the
spherical symmetry and spectrum of the excess



Hadronic Outbursts
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Current Models Don'’t Fit

 Thanks to Eric Carlson and Stefano Profumo for providing us with the Galprop output
files.

 We have run these models through our code (similar to what we do with the dark matter
fits). The models pick up the following TS values:

e 0.5kyr: TS =33

e 25Kkyr: TS =43

« 19 kyr: TS = 14 (with arbitrary spectrum: TS = 26.6)

e 100 kyr: TS = 0.0 (with arbitrary spectrum: TS = 0.28)

e 2Myr: TS = 0.0, (with arbitrary spectrum: TS = 0.0)

o 7.5 Myr Continuous: TS = 0.0 (with arbitrary spectrum: TS = 0.0)
* Linear Combination of All Hadronic Outburst Models TS = 51

 Dark Matter Template (Daylan et al. 2014):



Current Models Don'’t Fit

PLExpl
—— BPL1: Free AT
— - BPL2: Fixed A' =1

4 ¢ Daylanet al P6V11

T
n
~—
n
~—
=
)
~—
>
b
O,
]
i,
~—
7.
g
>

PLExpl: p,=2.92, ' =—4.15, x* /17 d.o.f. =1.31
BPL1: p;,=23.68, I'; =—0.70, ', =17.35, x* /16 d.o.f.=1.38
BPL2: p,, =26.52, ', =2.00, T, =I';, +1, x* /17 d.o.f. =5.37

10° 10*




Current Models Don'’t Fit
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More Generally - Signal Doesn’t Seem to Correlate with Gas
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Leptonic Emission

* A peaked spectrum of cosmic-ray
leptons can also produce hard
emission from bremsstrahlung or
inverse Compton scattering

 However, electrons cool rapidly, it
Is difficult to produce the same
hard spectrum over several
degrees In the sky
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Future Indirect Tests - Dwarf Galaxies
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Future Indirect Tests - Dwarf Galaxies

* Fermi-LAT collaboration
finds a TS=8.7 for a 25 GeV

dark matter particle
annihilation to b-quarks

* |Interpreted as a Poisson
signal, this would correlate

to 2.950 The Fermi-LAT Collaboration (2013)

* However, the significance of this excess Is mitigated by the
observed probability of finding hotspots in blank sky
locations

* This decreases the local significance to 2.2c



Future Indirect Tests - Dwarf Galaxies
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Conclusions

The excess in emission at the galactic center (compared to diffuse
models) is well established, and extremely bright

There is no clear astrophysical interpretation of the data. In particular
the hard spectrum and spherical morphology of the excess are hard to
model with astrophysical templates

Stay Tuned!









Small Bug

After the work was posted on arXiv a small bug was found In
the code for the Inner Galaxy analysis, which affects the
smoothing of the diffuse background model

Work is currently ongoing to update the results based on the
new model. Early results show that the best fit dark matter
cross-sections change by approximately 20%.

Note:

1.) The qualitative conclusions of the paper remain unchanged.
2.) The bug does not affect either the galactic center analysis or
the rings fit (on the last slide)



Small Bug
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Dark Matter Models
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Elastic Near Future Reach?
Scattering Direct LHC
{ Dirac Fermion | Spin-0 XV°x, ff  |ost ~ (q/2my)? (scalar)| No |  Maybe
'‘Majorana Fermion Spin-0 x, ff ogt ~ (q/2m,)? (scalar)| No Maybe
Dirac Fermion | Spin-0
|Majorana Fermion| Spin-0 H x°x, f°f osp ~ (¢* /4m,m,)?® | Never | Maybe

Mediator } Interactions

] Dirac Fermion | Spin-1 XY X, byub ag1 ~ loop (vector) 2 Maybe
osp ~ (q/2my)? or

osp ~ (a/2m.)? Never Maybe

Dirac Fermion Spin-1 Y x, f ‘r,.’)""f
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Complex Scalar | Spin-0
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