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1. INTRODUCTION & BACKGROUND
TO THE GALACTIC CENTER EXCESS




Galactic Center Excess (GCE)

From the Galactic Center

out to mid-latitudes

Goodenough & Hooper (2009)
Vitale & Morselli (2009) Method

o Lo 201 Found by morphological template fitting
Boyarsky et al (2011)
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Huang et al (2013)
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Abazajian et al (2014, 2015)
Calore et al (2014)
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Daylan et al (2014)
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Gaggero et al (2015)
Carlson et al (2015, 2016)
Yand & Aharonian (2016)
Horiuchi et al (2016)

Lee et al (2016)

Bartels et al (2016)

Linden et al (2016)
Ackermann et al (2017)
Ajello et al (2017)

Macias et al (2017)

Bartels et al (2017)

(not a complete list)

Fermi (2017)

Shunsaku Horiuchi (Virginia Tech)




Modeling strategy: template fitting

Galactic diffuse emission
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Galactic Diffuse Emission

Decay of neutron pions Bremsstrahlung Inverse Compton

Simulations
Numerically solve the diffusion equation, e.g., Galprop

v Allows physical parameter choices
v Can be tuned to the Galactic Center
X Many parameters not well known
X Still missing some physics

X Still poor resolution
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Galactic Diffuse Emission

Decay of neutron pions Bremsstrahlung Inverse Compton

Fermi diffuse map
Built for all-sky, starting with many templates split into annuli

v' Simple (hard work already done!)
v' Accounts for some cosmic-ray
injection and propagation
variations (via annuli)
Somewhat of a black box for user
Fixed to (usually) older data
Construction not dedicated for the
Galactic Center
Acero et al (2016)
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Source templates

Known source template
List of known point and extended sources,
e.g., Sgr A*, Fermi bubbles, loop |

New physics template

“generalized” NFW-squared template, which
allows for cosmological simulation info with
parameterized contraction effects
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Results

Gordon & Macias (2013)

The dark matter template is Tnmer slope:
detected in excess wrt to | Tk

* Galactic diffuse models ,  GCE

* Gamma-ray emission from Sgr A*

 QOther catalog & new point sources ’ {’

Main features:
* Spectrum peaks at a ~GeV . Mo = 23.5 Gev, 55% bb, 45% leptons
e Peak flux ~1017) GeV cm2 51 T
e Gamma-ray luminosity is
~103%-1037 erg/s
Spatial morphology ~r24

Significance
Statistical significance is ~20—
60c depending on the data and

2
templates used. NFW< model

0 -
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Background model uncertainties

More relevant is systematic uncertainty.

Dedicated diffuse models Galprop models
Calibrated by the Fermi collaboration Scan range of parameters of diffusion, B-
for Galactic Center analysis fields, ISRF, cosmic-ray injection, etc...

{ GO excess spectrum with

stat. and corr. svst. errors

Energy (MeV)

Fermi (2016) Calore et al (2015)

=» Despite efforts, the excess remains
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Dark Matter morphology

Dark matter can explain the observations
Annihilation of thermally produced WIMPs
explains the spectrum and morphology

well

2 4
Daylan et al (2016)
Daylan et al (2016)

sphericity

spectrum
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Shunsaku Horiuchi (Virginia Tech) Calore et al (2014) Degrees from the Galactic Plane




1. Spectral similarity of pulsars and the GCE
2. Photon count statistics support sub-threshold point sources

3. Spatial morphology support GCE is connected to old stellar population

2. OBSERVATIONS INDICATE PULSARS
PRODUCE THE EXCESS - DATA DRIVEN
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Spectral similarity with millisecond pulsars

™ 47 Tucanae

Millisecond pulsars
* Millisecond pulsars are gamma-ray Globular
sources with similar spectra to the GCE. clusters

 ((5,000) needed in the Galactic Center detected in
gamma rays
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point source vs diffuse source

Lee et al (2016)
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point source vs diffuse source

Lee et al (2016)

Look for peaks on top of Poisson noise
Bartels et al (2016)
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Shunsaku Horiuchi (Virginia Tech) c.f. P(D) distribution in X-ray astronomy (Malyshev & Hogg 2011)




Photon count distribution fit procedure

Non-Poissonian fit Lee et al (2016)
Fit the photon counts distribution in < 30 deg

p, P probability of finding k photons in pixel p

Smooth emission: follows Poisson statistics,
Galactic diffuse, bubbles, isotropic, NFW-DM

number of pixels

- 2 ;

I hot t ixel)
Unresolved point source: follows Non- PIONOHY COMGE PO Pe

Poissonian statistics

i Where AP follows the
spatial morphology:
* Disk-PS

M - NFW-PS
 Extragalactic-PS

Source count: -
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Photon count distribution fit result

NFW-PS contributes ~8.7% of photons, while NFW-DM is consistent with 0%

Bayes factor 10° for NFW-PS compared to without
If NFW-PS is not added, the NFW-DM absorbs the excess
The diffuse emission normalization stays within 1% of high latitude values.
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=>» Strong preference for sub-threshold point sources following Lee et al (2016)

the NFW morphology over a diffuse NFW (dark matter) source
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Photon count distribution fit result

NFW-PS contributes ~8.7% of photons, while NFW-DM is consistent with 0%
Bayes factor 10° for NFW-PS compared to without

If NFW-PS is not added, the NFW-DM absorbs the excess

The diffuse emission normalization stays within 1% of high latitude values.
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=>» Strong preference for sub-threshold point sources following Lee et al (2016)

the NFW morphology over a diffuse NFW (dark matter) source
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Same conclusions with a wavelet method

NEVEEEREWAE
1. Convolve with a Mexican hat kernel to identify peaks in high signal-to-noise.
2. Model distribution of peaks in SNR and angular rings

=» Fit better by sub-threshold MSP sources than diffuse Truly diffuse (=DM)
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spherical symmetry vs bulge shape

0.1 0.4 2.0 8.0 50.0 0.1 0.4 2.0 8.0 50.0
Counts Counts
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The Galactic Bulge

Nuclear Bulge: central stellar cluster + disk

0
Nishiyama et al (2013) | (deg)

Side view
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Define a base model

Gas correlated Inverse Compoton
(Neutral Pion and Bremsstrahlung) (Predicted bv GALPROP)

* ya

~7 years of Pass8 data
(UltraCleanVeto class)

LoopI template
(Wolleben (2007))

Fermi Bubbles
(Acero et al. (2016))

+ Sun & Moon

3FGL gamma-ray point sources
(Acero et al. (2015))
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Add new components systematically

Gas + IC +
3FGL + Loop |
+ Sun & Moon

hasel b

'n! ety }§ '

?h' cline 4 \\‘°
haseline+ NP
‘u: cline 4 N
'nL S \\ '
bas NPAE
haseline+ NP
haseline+ NV

\40].[0 L

s
NFW.s

Hoxy bules

. N xv b
Drits - 7\!’ W
baseline+ NP W
haseln N
hasel

+NFW
bulge+ NI

-
o VW YA

= NFW detected at low significance when bulge is included

Shunsaku Horiuchi (Virginia Tech)

Haoxy bulege4

X-bulge+ NI
X-bulge
Hoxy bulg
NEFW
X-bulg
NEW

A72461.4

:"...TV N

c
o

- LOSOS
o

172401.4
172461 .4
172461 .4
A 724061 .4

124014

10003
SN ES
0895060

TGOS 2

< 10es

.'1‘:

= a)) 1
% \)
1aebh 3
| V223587
leced. |

- l ‘.-L’]'O.o. .‘

1719918

-— -

109773.6
19T 2

l'l\“"ti |

- “0'1”0'.".; 3

i 2

l‘l\"..‘_‘\ 2

SINNER
A60003. .3

lt.’)'..',-.i X ¢

169553 0

A0U0351 .0

- “o".bi.,’ )

| GO95066 0

- l'o“'.t'.’" i)

]'o'.b..l:{l )
1095510

T Number of
SOWTCY paramesers
6HY Y
8.4 B
19.7 19
205 L
1930 | 19
A S |
M5 Y
5.8 19
1.0 'Y
53] 19
17 6 4
Is) o
-u.f‘,'- 'Y
124 19
¥ )
7.0 '
100 /4 '
R d '
1, ] M,
14 6 A
12.4 A
09 Y
2.4 '

Macias et al (2018)

23




Add new components systematically
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Systematics

Gas maps: using the gas maps used by the Fermi Diffuse models vyield the same conclusions
Point sources: using none or the 2FIG point source catalog yield the same conclusions
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Bulge preferred over spherical symmetry

Bulge over NFW? This is robust to
When a bulge model is included, * Point sources used
the detection of NFW? falls (o < 3) * Diffuse emission models used

while bulge significance is o > 10. * Galactic mask

L

0.1 0.4 2.0 8.0 50.0 . . 2.0
Counts Counts
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SkyFACT : a hybrid approach

SkyFACT = Sky Factorization with Adaptive Constrained Templates
Hybrid method to study diffuse gamma rays that combines adaptive spatial-
spectral template regression and image reconstruction.

Storm et al (2017)

Modulated by nuisance parameters 1, o, v

Spatial template Spectral template

NEFW 126 ROG

Bartels et al (2017)

Shunsaku Horiuchi (Virginia Tech)




Same conclusions from SkyFACT analysis

Fit in central 40x180 degrees, which
facilitates the fitting of gas template
rings (x3) and provides leverage to
disentangle components.

Regularization by modulation
el parameters account for small-scale
| model inaccuracies.

Boxy bulge
Nuclear bulge

We demonstrated that the stellar bulge model provides
1 .\i'_’;llifi('élllfl_\' thtc.'l' ht | > l()n) LO t]u‘ ll«'l[:l tlmll tln'
“.\[-Pllli.\.\inll l't'l:lh'cl l‘:illzlstn Oor l.'”ll”'.‘l('l(‘l_l \l\\ PO~
hiles. Hence the GCE appears Lo :-inl[)l.\ trace stellar
mass 1n the lnllj._',c'. not the dark matter density sqllzx!'c'«]
(although the actual DM profile is sufficiently uncertain

that this pu.\\ilviih_\' cannot be «*nlilvl_\' excluded). W hat

R Bartels et al (2017)
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1. Spectral information
2. Photon count statistics
3. Spatial morphology

Motivate sub-threshold sources connected to the stars of the bulge

...but how do astrophysical explanations fare?

Shunsaku Horiuchi (Virginia Tech)




Observations Do Not Indicate that Pulsars
Produce the Galactic Center Excess

Tim Linden

CCAPP Postdoctoral Fellow

Center for Cosmology and Astro-Particle Physics
The Ohio State University




Observations Do Not Indicate that Pulsars Produce the Galactic Center Excess

1.) Difficulties in observing sub-threshold point sources.
2.) Issues in the 2FIG Catalog
2.) Peculiarities in the derived population.

3.) Alternative results from wavelet analyses



Observations Do Not Indicate that Pulsars Produce the Galactic Center Excess

1.) Different background models lead to different answers:

. L O

Fermi-LAT Collaboration (2015 1511.02938)



Observations Do Not Indicate that Pulsars Produce the Galactic Center Excess

1.) Different background models lead to different answers:

White circles and squares
show PS that are detected at
more than 70 in one catalog,
but not detected in the
other.

Fermi-LAT Collaboration (2017; 1705.00009)



Observations Do Not Indicate that Pulsars Produce the Galactic Center Excess

Not just statistics - also different global morphologies.

L, Long

Fermi-LAT Collaboration (2015 1511.02938)



Observations Do Not Indicate that Pulsars Produce the Galactic Center Excess

Moreover - none of these maps is close to “correct”
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NPTF and Wavelet Analyses
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Wavelets Compared to the Full Residual
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NPTF and Wavelet Analyses

A new wavelet analysis splits the GCE region into several
ROIls, where the wavelet components operate
independently.

_GCERegions

GCE regions' flux, 3.3 GeV
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NPTF and Wavelet Analyses

Blue (total power in GCE), Red (power in GCE at scales larger than 4.

Significant negative point source power near the Galactic plane.

- GCE Regions GCE regions' flux, 3.3 GeV
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NPTF and Wavelet Analyses

Regions VI1I 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 < 7 < 9)

emission 1s 1n 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 Il 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
1s 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-
cgestive 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 suf-
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)




NPTF and Wavelet Analyses
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NPTF and Wavelet Analyses
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The luminosity distribution of sub-threshold point-sources
favored by these models is odd.

Lee etal. (2016, 1506.05124)



A Bulge Component Macias et al. (2018; 1611.06644)

354

The distribution of point sources can also affect the properties of the resulting
diffuse emission model.



A Bulge Component
Macias et al. (2018; 1611.06644) Linden (2015; 1509.02928)
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These new point sources are comparably bright to the data.

It is very likely that many of these sources are spurious.



A Bulge Component

Macias et al. (2018; 1611.06644)
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bascline+ NP NB 169804, ] 169697 .2 214 | 3.0 Y
bascline 4+ NP NEW 169804, ) 1696233 562 17.6 Y
bascline+4+NP A-bulge SLVLUER A69616.2 376 |80 Y
baseline+NP+X-bulge NEW 169616.2 |6YS6S.4 96 1.9 Y
baseline+NP+ X-bulge N 169616.2 16Y542.0 | 48 10.4 Y
bascline 4+ NP+ X-bulge+NB NFW 169542.0 169531.0 22 24 19
bascline+ NP+ X-bulge4+NB FB 1695420 1695255 13 1.5 |9
baseline+NP+NB X-bulge HOOY/ .2 16Y542.0 110 16,1 Y
baseline+NP+=NFW X-bulge+NB 1696233 16YS31.0 |85 10.8 2 x 19
baseline+NP+NFW-+NB X-bulge 169598 Y 16YS31.0 | 36 9.9 Y




A Bulge Component - Low Energy Fits

GCE

SUDDIes GC excess, Gas distribution
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Carlson et al. (2016; 1603.06584) Fermi-LAT Collaboration (2017; 1704.03%10)




Emission Outside of the Bulge

...GCE Regions

Bartels et al. (2017) Calore et al. (2014; 1409.0042)



2FIG Catalog
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Fermi-LAT collaboration unveiled a
new analysis that claimed a detection

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

— dAN/dL x L™
+  Young PSR
4+ MSP
+ PSR

| | llllll[ § <8 lllllll T TrTTm] 1 llll”[ T I'llll

1 1 ].';'.3 1 ( ).’)-‘; 1 ].”n i | ( ).";.-.- 1 )I’)h
L [erg s

el

~ -
-’

1()

-_——
-




2FIG Catalog

The fit is improved substantially with the addition of GC
pulsars.

Lee etal. (2016, 1506.05124)



2FIG Catalog

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

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

an '
Lot = 1094 erg/s

zo[kpc] .
TO 07 v+0. 10
0.19_ 5 o5 U8 _ 09

2
, a+0.06 ‘ - 4().12
0.13 0. 04 2.15 010

Bartels et al. (2018; 1710.10266)




Pulsar Spectra

Pulsar spectra do not spectrally match the GeV excess at low-energies

Sx 10

. - b g . . . I » ) . " » .
 — Stacked Fermm MSPs . i L Stacked Ferm GC's
. - .
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Cholis et al. (2014; 1407.5583)



Pulsar Spectra

Pulsar spectra do not spectrally match the GeV excess at low-energies
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Cholis et al. (2014; 1407.5583) Calore et al. (2015; 1409.0042)



Pulsar Spectra

Models that change the diffuse emission to better fit the observed data
usually produce a harder spectrum at low-energies.

f1 )

Carlson et al. (2016; 1603.06584)



Pulsar MQrpholggy Portail et al. (2016; 1608.07954)
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Models of the Galactic bulge show that itis
significantly aspherical and does not
extend to extremely high latitudes.
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Dark Matter Explanations are Better
than Astrophysical Explanations

Tim Linden

CCAPP Postdoctoral Fellow

Center for Cosmology and Astro-Particle Physics
The Ohio State University




Dark Matter Explanations are Better than Pulsar Explanations

1.) Difficulties in building a pulsar model
2.) Difficulties in building diffuse models

3.) Dark Matter Fits to the gamma-ray data



The Expected MSP Population
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Cholis et al. (2014; 1407.5583) Fermi-LAT Collaboration (2013; 1305.4385)




The Expected MSP Population
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Fermi-LAT Collaboration (2017; 1705.00009v1)



The Expected MSP Population

While these Fermi-LAT searches are difficult, radio follow
ups have not confirmed these sources to be pulsars.

Paul Ray (Private Communication; see also 1205.3089 )



The Missing Satellites Pulsar Problem

HE PECULIAR PULSAR POPULATION OF THE CENTRAL PARSEC

"

Berkeles

ABSTRAC]

Pulsars orbiting the Galactic center black hole, Sgr A*, would be potential probes of its mass, distance

and spin, and may even be used to test general relativity, Despite predictions of large populations
of both ordinary and millisecond pulsars in the Galactic center. none have been detected within 25
P i:_\ (lex P radio surve VS

pulsar detections, but the recent discovery of radio pulsations from a highly magnetized neutron star

(magnetar) within 0.1 pc shows that the temporal scattering is much weaker than predicted. We

intrinsic deficit in the ordinary pulsar population is the most likely reason for the lack

of detections to date:(a “missing pulsar problem™ in the Galactic center. In contrast, we show that

: . ,
the discovery of a single magnetar in 't A n the region. Iif the massive

stars in the central parsec form magnetars rathel than ordinar ;nzl& wrs, their short lifetimes could
explain the missing pulsars, Efficient magnetar formation could be caused by strongly magnetized
progenitors, or could be further evidence of a top-heavy imitial mass function. Furthermore, current
high-frequency surveys should already be able to detect bright millisecond pulsars, given the measured
-!o“:x'c-:- of 1IN ral -.r;z!h-r'i:x';

Keywords: Galaxy: center pulsars: general - pulsars: individual (SGR J1745-29 stars: neutron




The Low-Mass X-Ray Binary Connection

* Low-Mass X-Ra\ ?inary
- population shc of:
linked to MSP ¢

because MSPs
up by accretio

Bright LMXBs can be observed very ‘

close to the galactic center — and
differentiated in Globular Clusters!



The Low-Mass X-Ray Binar
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The Low-Mass X-Rav Binarv Connection
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Haggard et al. (2017; 1701.02726)



The Low-Mass X-Rav Binarv Connection

IG _ 7clusters
LIS = L¢

G o wn+0.86 36 . - . e Ta .
I (2.097557) x 107 erg/s, Only Sources Classified as LMXDBs
1G r 4 20+1.79\ o 1036 R T "N T . g : r4
l.. (4.38°;'5x) X 107" erg/s. Including All Unclassified Sources 1.2)
Comparing this result with the measured gamma-ray luminosity ol gamma-ray excess,
. L) k,- 4 - 3 - y L » - )
/.. 2.0 4 0.4) x 10°" erg/s mmtegrated within 107 of the Galactic Center |8, 113, we
estimate that 10.5" 7% (only LMXBs) or 21.9° 2% (LMXBs and unclassified) of the excess
emission can be potentially attributed to an underlving MSP population. As mentioned

;:lu)‘.'n'_ \!I!l\'.'l"ﬂ".' '.'.':ix (‘:l‘a(".ll.‘:!ﬁnll ;l\-l:lm.--T |'<".l;|i‘.|l.‘.' ON I'n'\’i‘n;t’.t':x '.ht' f!‘;n tilm c>f -’l';c' (;;el;u'nr

Center excess that arises from MSPs

Haggard et al. (2017; 1701.02726)



The Low-Mass X-Ray Binary Connection
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Hooper & Linden (2016; 1606.09250)



Leptonic Outbursts

Outbursts of relativistic
electrons from Sgr A* can
produce a radially symmetric
diffuse component.

Hard to get leptons to high
latitudes without cooling.

EF [GeV ecm™%s 'sr™!]

Petrovic et al. (2015; 1405.7928) Cholis etal. (2015; 1506.05119)



.Diffuse Emission Models

: lE MR Typical Galprop models utilize
; RSBt L o cosmic-ray injection

OB Stars # morphologies that include no
8 injection near the Galactic
center.

.":’

B

..\ ° : T - L B “._ " {
oA R rz’ b

This is despite the fact that >10% of the Milky
Way star formation is produced in the central
molecular zone.



.Diffuse Emission Models
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Can build models that inject cosmic-rays tracing gas in the CMZ.




.Diffuse Emission Models
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This decreases, the excess, by about a factor of 2 for best-fit models.




.Diffuse Emission Models

GCE
Bubbles
[sotropic
Pi0+Brems
ICS

With GCE
Corr. Sys. Calore et al (2015)

Cranking up the CR injection causes significant over

subtraction at low energies. The GCE feature remains, but
is zero-subtracted.



.-Diffuse Emission Models
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Dark Matter Models
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Dark Matter Models
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Bigger Question: Are Dark Matter Models Ruled Out?

Ackermann et al. (2015; 1503.02641)

= Pass 8 Combined dSphs
Fermi-LAT MW Halo
H.E.S.S. GC Halo
MAGIC Segue 1
Abazajian et al. 2014 (1)
Gordon & Macias 2013 (20)
Davlan et al. 2014 (20)

Calore et al. 2015 (20)
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Bigger Question: Are Dark Matter Models Ruled Out?
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For the local density, we use the value determined by
Zhang et al. (2012) [59]: pe = 0.28 £ 0.08 GeV cm 3.
This robust determination of the local DM density is de-
rived from modeling the spatial and velocity distributions
for a sample of 9000 K-Dwarf stars from the Sloan Digi-
tal Sky Survey (SDSS). The velocity distribution of these
stars directly measures the local gravitational potential
and, when combined with stellar density constraints, pro-
vides a measure of the local DM density.

Keeley et al. (2017, 1710.03215)
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Bigger Question: Are Dark Matter Models Ruled Out?
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Can also model-build around constraints, for instance using SIDM to
eliminate the signal from dwarfs.

Kaplinghat et al. (2015; 1501.03507)



Hints of Dark Matter Detection cuccoecs. 2017 1711.06460)

CR antiprotons
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1. Dark matter in its simplest form is being cornered
2. Recent results find difficulty in the dark matter hypothesis

1. Pulsar models are rich and have the flexibly to explain the GCE

4. ASTROPHYSICAL EXPLANATIONS ARE
BETTER THAN DARK MATTER
EXPLANATIONS

Shunsaku Horiuchi (Virginia Tech)



(simple*) dark matter is cornered

Independent test regions are starting to show inconsistencies

vs Dwarfs

*prompt two-body
annihilating DM

Posteriors for GCE-DM varying the MW J-factors, for 4 Galactic diffuse models
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Keeley et al (2017)

Shunsaku Horiuchi (Virginia Tech)

The parameter that the J-factor 1s most sensitive to
1s the local density of DM. As stated in a previous sec-
tion, we use a value of 0.284+0.08 GeV/cm” taken from
Zhang et al, (2012) {3?):. Other groups including Pato
et al. (2015) [(33: and NMcKee et al. (2015) {(i(i: tend to
find higher values for the local density. To fully resolve
the tension between the GCE and the dwarfs. the GCE
J-factor needs to increase between 1 and 1.5 orders of
magnitude, which translates ito a local density of 3 to 6
times greater. As we show. none of these determinations
of the local density relieve the GCE-dwarf evidence ratio
to be ll]lil‘\’.




(simple*) dark matter is cornered

Independent test regions are starting to show inconsistencies “prompt two-body
annihilating DM

vs Milky Way halo
Milky Way Halo avoids the complex
Galactic plane (here use |b| > 20 deg)

Chang et al (2018); see also Fermi (2012)

Shunsaku Horiuchi (Virginia Tech)




Difficulties of dark matter: morphology

1.1 —2.8 GeV

Bulge over NFW

The data prefers an
asymmetric excess
outside of several
degrees (the central few
degrees are NFW-like)

- -+ NFW? (v =1.2)

— Boxy/Peanut Bulge ; Nuclear Bulge ‘; —— Boxy/Peanut Bulge + Nuclear Bulge
/

\

Counts

-4 -2 0 2
Longitude (1) [deg] Latitude (b) [deg]

Shunsaku Horiuchi (Virginia Tech)




A dark matter bulge?

Can dark matter explain the bulge-correlated gamma-ray emission?

Co-evolution of dark matter and disk stars during bar formation:

Dark matter Trapped component Untrapped component

~12 % of dark matter within bar Petersen et al (2016)
radius (3kpc) is trapped in the bar

=» CDM can form a bulge-like feature, but appears to be subdominant

Shunsaku Horiuchi (Virginia Tech)




Difficulties of dark matter: photon statistics

< This is a lot of substructure for dark
matter in the Galactic Center region.

Lee et al (2016)
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Subhalo fraction f

—> At least 80% of dark matter within e
3 kpc need to be in subhalos. Too Bl NFW (0= 12) =
NFW(a=14) .-

much compared to CDM simulations | Sk
(which predict f of a few percent). W
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Shunsaku Horiuchi (Virginia Tech) Clark et al (2016)




MSP constraint: large uncertainties

Uncertainties in MSP population constraints

SFGL unmasked
T e M NTNERSN

v -

- ~400 MSPs , bl | - —— 193 Distances

weee N 2001 Dislances

Lee+2015 Culoff
at 8.3 k})('

103

L. (erg s, 0.1-100 GeV)

The luminosity function depends on Distance systematics are also non-
the Galactic foreground and impacts negligible; reduces number of MSP
the number of MSPs needed detection prediction by ~1/3 to 2.

Lee et al (2016) Brandt & Kocsis (2015)

Shunsaku Horiuchi (Virginia Tech)




MSP constraint: large uncertainties

Uncertainties in MSP population constraints
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The luminosity function depends on Distance systematics are also non-
the Galactic foreground and impacts negligible; reduces number of MSP
the number of MSPs needed detection prediction by ~1/3 to 2.

Lee et al (2016) Brandt & Kocsis (2015)

Shunsaku Horiuchi (Virginia Tech)




secondary

The MSP scenario is rich

Millisecond pulsars: >8 Msun

* Lower B fields than pulsars (~10%° G vs ~1011-13 G)

* Lower velocities than pulsars (~130 km/s vs ~400 km/s)

* Higher birth rate (~5x10° /yr) than X-ray binaries (~107 /yr)

» ~75% in binaries; eccentricities low, but some high (e > 0.1) |

binary survives

Recycling of old neutron stars: \
v' Initially a normal NS, but B-field decays or is buried in the Neutron W\

star

superconducting core (resurface must be stopped)
Lower velocities due to binary?

_ o . secondary evolves
Birth rate not enough, unless X-ray emitting phase is (Roche Lobe overflow)
reduced, or population not in steady state
X-ray binary phase causes tidal forces that reduce
eccentricity

low-mass system

V¢

Shunsaku Horiuchi (Virginia Tech) millisecond pulsar - whi




The MSP scenario is rich

Millisecond pulsars:

* Lower B fields than pulsars (~10%° G vs ~1011-13 G)

* Lower velocities than pulsars (~130 km/s vs ~400 km/s)

* Higher birth rate (~5x10° /yr) than X-ray binaries (~10"/
/yr)

« ~75% in binaries; eccentricities low, but some high (e >
0.1)

Accretion-induced collapse (AIC) of white dwarfs:
v' Magnetic flux conservation yields the correct B-field.
v Very little external density makes natal kicks low.
?  Provides an alternate channel*®
X X-ray binary phase reduces eccentricity
*if mass accretion phase is short

AIC channel could be comparable to recycling channel

N the d|Sk. Hurley et al (2010) .y MSP + He WD

Shunsaku Horiuchi (Virginia Tech)




The MSP scenario is rich

Millisecond pulsars:

* Lower B fields than pulsars (~10%° G vs ~1011-13 G)

* Lower velocities than pulsars (~130 km/s vs ~400 km/s)

* Higher birth rate (~5x10° /yr) than X-ray binaries (~107 /yr)
» ~75% in binaries; eccentricities low, but some high (e > 0.1)

Accretion-induced collapse (AIC)
of white dwarfs: DELAYED
v' Magnetic flux conservation
yields the correct B-field. ,
v" Very little external density (@), o suf::CthWD
makes natal kicks low.
?  Provides an alternate channel
v High eccentricities possible
since no re-circularization
after AIC event. (RN e D

9 in eccentric orbit

)Y - 0927

RD-AIC

Freire & Tauris (2014)
Shunsaku Horiuchi (Virginia Tech) 40




The MSP scenario is rich

MSPs can be formed via a number of channels
 Recycling of old neutron stars
* Accretion induced collapse of O-Ne-Mg white dwarfs
 Merger induced collapse of two white dwarfs
All channels involve binary systems
* Primordial: stars born in binary systems
* Dynamical: captures a companion through encounters
Binary mass transfer and the X-ray connection will be different for different

channels.

The relative importance of channels will be environmentally dependent
e Stellar age: active star forming (CMZ) to Gyrs old (bulge)
e Stellar density: low (bulge) to high (globular cluster)
* Stellar metallicity: low to solar populations

=>» No a priori reason MSP population & their connection to LMXB are the same
everywhere

Shunsaku Horiuchi (Virginia Tech)




Comparison of regions

Gamma ray to mass ratios
Shows environmental dependence of MSP gamma rays

- Boxy bulge, nuclear bulge, Milky [EREEEE

Way disk (from MSPs) consistent Boxy bulge

. le+38 Nuclear bulge
with each other Milky Way disk

Globular clusters

)7 —1 — 1= 1e+37
2 x 10" ergs ~ Mg M3

le+36
* Globular clusters higher by

factor ~10-40, explained by large
dynamical channel

M31 also higher, consistent with
its higher encounter rate; LMXB

is also consistent with 20-25%

dynamical origin (vs no such
le+32

signs in the Milky Way LMXB) e+05 1e+06 1e+07 1e+08 1e+09 le+10 le+ll
Stellar mass [Msun}

le+35
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Voss & Gilfanov (2007)
See also Bartels et al (2017)

Shunsaku Horiuchi (Virginia Tech)




Astrophysics consistent with observations

Furthermore, morphology no longer Projected Distance (ko)
needs direct link to globular clusters ).5 !

 Accretion: millisecond pulsars
made in globular clusters that are
subsequently disrupted by the
Galactic Center. Models of
dynamical friction and tidal
stripping of globular clusters
predict a centrally peaked NFW?-
like profile

(GeV/em?2/s/sr)

E2dN/dE

In-situ formation: millisecond
pulsars formed out of bulge stellar
population would follow the bulge
morphology.

Brandt & Kocsis (2015)

Shunsaku Horiuchi (Virginia Tech)




Simple model of Galactic MSPs

MSP in the Galactic bulge
In-situ MSP modeling including primordial and dynamical formation.
Dynamical formation modeled after Globular clusters.

physical distance from center kpc|

0.5 1.0

V1 Ngoper & Goodenough, 2011 & - Daylan+, 2014
O~ Goon & Macias, 2013 Ajelio+, 2015 |
-1 Boyarski+, 2011 Calore+, 2015 ‘ . - . .
K Abszai\ns, 2014 P eRRE Primordial binaries
. Data, Ackermann+, 2017 .
— 1/ 104 | . explain most of the
. | _ (p+) 100y GCE outside a few

000000

degrees

g - o

1 -10-%}
.............. m While dynamical is

| - . M a small overall (a

1-10-%} B few % of total),

| PN B they will be

b 23 (aclear steller chaster) A prominent in the

\. (max) A — 4 : £ d

i : S I inner few degrees

angular distance from center |deg|

Eckner et al (2016)

4 [(;('V cIm

1 - 107!

Shunsaku Horiuchi (Virginia Tech)



Millisecond pulsar — summary

The Galactic bulge is massive, old, and should host substantial millisecond
pulsars produced in-situ, that can explain the bulge-correlated gamma rays,
energy spectrum, and potentially photon statistics..

v’ Spectrum is broadly consistent (but low energy systematics?)

v Spatial morphology expected to follow stars (but dark matter can too?)

v" Formation scenarios are rich, allows considerable flexibility

v' Multiple ways to test the hypothesis (next)

Shunsaku Horiuchi (Virginia Tech)
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The Future:

1.) Finding MSPs
2.) Constraining the Dark Matter Density
3.) Understanding Cosmic-Ray Propagation in the CMZ.

4.) New Constraints on Indirect Detection



All bulge MSPs * SKA-mid
GBT SKA-mid, 2° x 2°
MeerKAT HTRU Mid
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Future Radio Surveys
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Radio surveys can find pulsars coincident
with the positions of known gamma-ray
hotspots.

Disk MSPs

w tarth

Only a handful of sources necessary to .
provide definitive evidence.

Calore et al. (2016, 1512.06825)



The Local Dark Matter Density
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The major uncertainty in correlating the GCE and dwarf spheroidal
galaxies is the local dark matter density.

Keeley et al. (2017; 1710.03215)
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New Insights into Cosmic-Ray Diffusion

o0 100 150 200 250 300
t [kyr]

HAWC Collaboration (2017; 1711.06223) Evoli et al. (2018; TBS)



New Insights into Cosmic-Ray Diffusion

H.E.S.S. Collaboration (2016; 1603.07730)
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Continued Operation of Fermi-LAT

I-vear Pass 7 Limit

G-vear Pass 8 Limit

- Median kxpected

890 Containment

102 10”
DM Mass (GeV/c?)

Fermi-LAT observations,will continue for up to,,

another decade. —
)

Fermi-LAT Collaboration



Continued Operation of Fermi-LAT

GCE Spectrum High Energy Spectrum
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Fermi-LAT observations,will continue for up to,,

another decade. -
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Linden et al. (2016;:1604.01026)



Continued Operation of Fermi-LAT

Fermi-LAT observations,will continue for up to,,

another decade. - Omg

)
Linden et al. (2016;.1604.01026)




Continued Operation of Fermi-LAT

Fermi-LAT observations,will continue for up to,,
another decade. —— A4

O
Linden et al. (2016;.1604.01026)



Conclusions

1.) The Galactic Center Excess (compared to any standard
model of astrophysical emission) is real.

2.) Models including dark matter, pulsars, leptonic
outbursts, and changes in galactic cosmic-ray diffusion
exist.

3.) New observations and models over the next decade
offer the potential to understand the galactic center at
GeV energies.



