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Setting the Stage 
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•  Fermi LAT Sensitivity to New Physics: 
–  full-sky coverage 
–  huge energy range 

•  now starting to accumulate significant statistics at very high 
energy (thousands of events above 200 GeV)  

•  like a new experiment! 

–  orders-of-magnitude advances in sensitivity: new physics 
and new astrophysics together 



Some Recent Fermi Highlights 
•  Early searches for Dark Matter signatures in different 

kinds of sources 
•  Remarkable high-energy emission from gamma-ray 

bursts 
–  Starting to see what was missing (Nicola’s talk) 
–  Also provides interesting limits on photon velocity dispersion 

•  Very high statistics measurement of the cosmic e+e- 
flux to 1 TeV 

•  Nailing down the diffuse galactic GeV emission 
•  First Fermi determinations of the isotropic diffuse flux 
•  Extragalactic Background Light constraints 
•  Anisotropy analyses of diffuse gamma-ray flux and 

electron-positron flux and new physics constraints. 
•  New limits on large extra dimensions 
•  2nd catalog: 1873 sources, of which ~1/3 are still 

unassociated with known types of sources. 
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What Produces the Isotropic Flux? 
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See other studies by: Stecker&Salomon+96, Pavlidou&Fields+02, 
Narumoto&Totani06,Dermer07, Bhattacharya+09, Inoue&Totani09, Fields+10, Makiya+10, 
Inoue+11,Abazajian+10, Ghirlanda+11,Stecker&Venters11,Malyshev&Hogg11 

Preliminary 

FSRQ 
Star-forming Gal. 
BL Lac 
Radio Galaxies 

more	
  to	
  
explore!	
  

earlier work: arXiv:1002.3603 



Recent Update to 600 GeV 
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Isotropic Diffuse: What’s Next 

•  What is producing the unaccounted flux? 
•  What will higher precision above 100 GeV 

reveal? 
–  will we see attenuation due to the extragalactic 

background light (EBL)? 
–  what else is contributing at the highest energies? 

•  More statistics, with detailed understanding of 
energy reconstruction and backgrounds at the 
highest energies. 
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Dark Matter 
Some important models in particle physics could also solve the dark 
matter problem in astrophysics.  If correct, these new particle interactions 
could produce an anomalous flux of cosmic particles (“indirect detection”). 

Anomalous gamma ray spectra and/or γγ or Zγ 
“lines” and/or anomalous charged cosmic rays 
and/or neutrinos?  

•  If particles are stable: rate ~ (DM density)2 
•  If particles unstable: rate ~ ( DM density) 

Χ	



X	



Just an example of what might be waiting for us to find! 

 
 
  

•   Key interplay of techniques: 
–  colliders (TeVatron, LHC) 
–  direct detection experiments underground 
–  indirect detection (most straightforward: gamma rays and neutrinos) 

•  Full sky coverage look for clumping throughout galactic halo, including off 
the galactic plane (if found, point the way for ground-based facilities) 

•  Intensity highly model-dependent 
•  Challenge is to separate signals from astrophysical backgrounds 
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Gamma rays from Dark Matter annihilation 
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Prompt lepton  
pair production 

Secondary from π0 
decays 



Dark Matter: Many Places to Look! 

All-sky map of gamma rays from 
DM annihilation  arXiv:0908.0195  
(based on Via Lactea II 
simulation) 

And	
  anomalous	
  
charged	
  cosmic	
  
rays	
  (li?le/no	
  
direcAonal	
  
informaAon,	
  

trapping	
  Ames,	
  
etc.)	
  

                 Satellites 
Low background and good source id,  
but low statistics, in some cases 
astrophysical background 

    Galactic Center 
Good Statistics but source  
confusion/diffuse background 

!       Milky Way Halo 
Large statistics but diffuse 
background 

        Spectral Lines 
No astrophysical uncertainties,  
good source id, but low sensitivity 
because of expected small BR 

!

              Extra-galactic 
Large statistics, but astrophysics, galactic 
diffuse background  

Galaxy	
  Clusters	
  
Low	
  background,	
  but	
  low	
  sta7s7cs	
  



They Play Together! 
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Accelerators 
Direct production.  Push to higher energy 

Direct Detection 
Relic scattering RIGHT HERE at low energy.   Push to 
larger target mass, lower backgrounds, directional 
sensitivity? 

Indirect Detection 
Relic interactions (annihilations, decays) Understand the 
astrophysical backgrounds in signal-rich regions.  Reveal the 
detailed astrophysical distribution of dark matter. 

Simulations 
Large scale structure formation.  Push 
toward larger simulations, finer details. 

Observations 
Push toward finding 
and studying 
galactic halo 
objects and large 
scale structure. 



Dwarf Spheriodal (dSph) Galaxies 

•  Largest galactic substructures predicted (in ΛCDM) 
•  DM-dominated: mass-to-light ratios O(100-1000) 
•  Very low astrophysical backgrounds 

–  no detected gas, low recent star formation activity 
•  SDSS discovery of many more ultrafaint Milkyway 

satellites 
–  more are welcome! 

•  Great opportunity for indirect DM signal searches! 
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Search for DM in dSph


No detection by Fermi (100 MeV – 50 GeV) with 11 months of data. 95% 
flux upper limits are placed for several possible annihilation final states.	
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A.A. Abdo et al., ApJ 712 (2010) 147. 

For the Ursa 
Minor dSph 
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) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J-factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo for a Poisson process
with known background and Fermi-LAT simulations of
galactic and isotropic di↵use gamma-ray emission. The
parameter range for h�

ann

vi is restricted to have a lower
bound of zero, to facilitate convergence of the MINOS
fit, resulting in slight overcoverage for small signals, i.e.
conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large

Combining dSph Limits 
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Now getting to very 
interesting sensitivity 
ranges! 
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LAT e+e- Spectrum Update 
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FIG. 21: Cosmic ray electron spectrum as measured by Fermi LAT for one year of observations - shown by filled circles, along
with other recent high energy results. The le spectrum is used to extend the he analysis at low energy. Systematic errors
are shown by the grey band. The range of the spectrum rigid shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [33], CAPRICE [34], HEAT [35], BETS [36], AMS [19], ATIC [7], PPB-BETS [8], H.E.S.S. [9, 10]. Note that
the AMS and CAPRICE data are for e− only.

The CR electron spectrum reported in this paper and
shown in figure 21 is essentially the same as that pub-
lished in [2] for the energy above 20 GeV, but with twice
the data volume. Within the systematic errors (shown by
the grey band in fig 21) the entire spectrum from 7 GeV
to 1 TeV can be fitted by a power law with spectral index
in the interval 3.03 – 3.13 (best fit 3.08), similar to that
given in [2]. The spectrum is significantly harder (flat-
ter) than that reported by previous experiments. The
cross-check analysis using events with long paths in the
instrument confirms the absence of any evident feature in
the e++e− spectrum from 50 GeV to 1 TeV, as originally
reported in [2].

Below ∼ 50 GeV the electron spectrum is consistent
with previous experiments and does not indicate any flat-
tening at low energies. This may be compared with pre-
vious experiments that made measurements over the last
solar cycle with an opposite polarity of the solar magnetic
field (e.g. [19, 34]), and which indicate that a significant

flattening occurs only below ∼ 6 GeV.

To fit the high energy part of the Fermi LAT spec-
trum and to agree with the H.E.S.S. data, a conventional
propagation model requires an injection power law index
α " 2.5 above ∼ 4 GeV and a cutoff at ∼ 2 TeV. How-
ever, while providing good agreement with the high en-
ergy part of the spectrum, a model with a single power
law injection index fails to reproduce the low-energy data.
To obtain an agreement with all the available data at low
energies we need the injection spectrum α ∼ 1.5−2.0 be-
low ∼ 4 GeV and a modulation parameter in the range
Φ = 400− 600 MV. The latter was set to match proton
spectrum at low energy during the first year of Fermi
LAT operation [38]. An example of such a calculation
using GALPROP code [39] is shown in figure 22. This
model includes spatial Kolmogorov diffusion with spec-
tral index δ = 0.33 and diffusive reacceleration charac-
terized by an Alfven speed vA = 30 km/s; the halo height
was 4 kpc. Energy losses by inverse Compton scattering

arXiv:1008.3999v1, PRD 82   

7 GeV – 1 TeV, double statistics (8M events) 



LAT e+ and e- Measurement 
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FIG. 5: Positron fraction measured by the Fermi LAT and by
other experiments [10, 14, 35]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

the electron spectrum is (2.07±.13 × 10−2 GeV−1 m−2

s−1 sr−1)( E

20GeV )−3.19±0.07. The uncertainties are deter-
mined by including the total (statistical plus systematic)
uncertainty of each energy bin. The fitted indices are con-
sistent with the index we reported previously for the total
electron plus positron spectrum (3.08±0.05) [19, 20].

Conclusion. We measured the CR positron and elec-
tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to the
geomagnetic field. While the positron fraction has been
measured previously up to 100 GeV [15] and the absolute
flux has been measured previously up to 50 GeV [9, 36],
this is the first time that the absolute CR positron spec-
trum has been measured above 50 GeV and that the
fraction has been determined above 100 GeV. We find
that the positron fraction increases with energy between
20 and 200 GeV, consistent with results reported by
PAMELA [14]. Future measurements with greater sen-
sitivity and energy reach, such as those by AMS-02, are
necessary to distinguish between the many possible ex-
planations of this increase.

The Fermi LAT Collaboration acknowledges support
from a number of agencies and institutes for both de-
velopment and the operation of the LAT as well as sci-
entific data analysis. These include NASA and DOE
in the United States, CEA/Irfu and IN2P3/CNRS in
France, ASI and INFN in Italy, MEXT, KEK, and JAXA
in Japan, and the K. A. Wallenberg Foundation, the
Swedish Research Council and the National Space Board
in Sweden. Additional support from INAF in Italy and
CNES in France for science analysis during the opera-
tions phase is also gratefully acknowledged.

∗ Electronic address: markus.ackermann@desy.de
† Electronic address: funk@slac.stanford.edu
‡ Electronic address: warit@slac.stanford.edu
§ Electronic address: carmelo.sgro@pi.infn.it
¶ Electronic address: justinv@stanford.edu

[1] J. A. De Shong, R. H. Hildebrand, and P. Meyer, Phys.
Rev. Lett. 12, 3 (1964).

[2] J. L. Fanselow, R. C. Hartman, R. H. Hildebrad, and
P. Meyer, Astrophys. J. 158, 771 (1969).

[3] J. K. Daugherty, R. C. Hartman, and P. J. Schmidt,
Astrophys. J. 198, 493 (1975).

[4] R. J. Protheroe, Astrophys. J. 254, 391 (1982).
[5] D. Müller and K. K. Tang, in International Cosmic Ray

Conference (1990), vol. 3 of International Cosmic Ray
Conference, pp. 249–+.

[6] S. W. Barwick, J. J. Beatty, C. R. Bower, C. Chaput,
S. Coutu, G. de Nolfo, D. Ficenec, J. Knapp, D. M. Low-
der, S. McKee, et al., Phys. Rev. Lett. 75, 390 (1995).

[7] S. W. Barwick, J. J. Beatty, A. Bhattacharyya, C. R.
Bower, C. J. Chaput, S. Coutu, G. A. de Nolfo, J. Knapp,
D. M. Lowder, S. McKee, et al., The Astrophysical Jour-
nal Letters 482, L191 (1997).

[8] S. W. Barwick, J. J. Beatty, C. R. Bower, C. J. Chaput,
S. Coutu, G. A. de Nolfo, M. A. DuVernois, D. Ellithorpe,
D. Ficenec, J. Knapp, et al., The Astrophysical Journal
498, 779 (1998).

[9] M. A. DuVernois, S. W. Barwick, J. J. Beatty, A. Bhat-
tacharyya, C. R. Bower, C. J. Chaput, S. Coutu, G. A. de
Nolfo, D. M. Lowder, S. McKee, et al., The Astrophysical
Journal 559, 296 (2001).

[10] J. J. Beatty, A. Bhattacharyya, C. Bower, S. Coutu,
M. A. DuVernois, S. McKee, S. A. Minnick, D. Müller,
J. Musser, S. Nutter, et al., Phys. Rev. Lett. 93, 241102
(2004).

[11] G. Barbiellini, G. Basini, R. Bellotti, M. Bocci-
olini, M. Boezio, F. Massimo Brancaccio, U. Bravar,
F. Cafagna, M. Candusso, P. Carlson, et al., Astronomy
and Astrophysics 309, L15 (1996).

[12] M. Boezio, P. Carlson, T. Francke, N. Weber, M. Suffert,
M. Hof, W. Menn, M. Simon, S. A. Stephens, R. Bellotti,
et al., The Astrophysical Journal 532, 653 (2000).

[13] M. Aguilar, J. Alcaraz, J. Allaby, B. Alpat, G. Ambrosi,
H. Anderhub, L. Ao, A. Arefiev, P. Azzarello, E. Babucci,
et al., Physics Reports 366, 331 (2002), ISSN 0370-1573.

[14] O. Adriani, G. C. Barbarino, G. A. Bazilevskaya, R. Bel-
lotti, M. Boezio, E. A. Bogomolov, L. Bonechi, M. Bongi,
V. Bonvicini, S. Bottai, et al., Nature 458, 607 (2009).

[15] O. Adriani, G. C. Barbarino, G. A. Bazilevskaya, R. Bel-
lotti, M. Boezio, E. A. Bogomolov, M. Bongi, V. Bon-
vicini, S. Borisov, S. Bottai, et al., Phys. Rev. Lett. 106,
201101 (2011).

[16] I. V. Moskalenko and A. W. Strong, The Astrophysical
Journal 493, 694 (1998).

[17] Y.-Z. Fan, B. Zhang, and J. Chang, International Journal
of Modern Physics D 19, 2011 (2010), 1008.4646.

[18] T. A. Porter, R. P. Johnson, and P. W. Graham, ArXiv
e-prints (2011), 1104.2836.

[19] A. A. Abdo, M. Ackermann, M. Ajello, W. B. At-
wood, M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini,
D. Bastieri, M. Battelino, et al., Physical Review Letters
102, 181101 (2009), 0905.0025.

18	
  

arXiv:1109.0521 

(∼3% of which pass the trigger and onboard filter) with
a power-law distribution in energy with an index of 1.5.
We also simulated 150 million electron events between
4 GeV and 1 TeV (∼13% of which pass the onboard fil-
ter) with a spectral index of 1. The spacecraft orbit in the
simulation matched the actual flight orbit for the data set
used. We re-weight the MC proton flux to the spectrum
measured by the AMS-01 experiment (index 2.78) [13],
and the MC electron flux to the spectrum measured by
the Fermi LAT [19, 20] (index 3.08). We apply the same
analysis cuts to the MC and flight data in order to esti-
mate the residual proton contamination. Roughly 0.1%
of the protons that pass the onboard filter also pass the
analysis cuts we designed to reject them. We traced the
trajectories of surviving events and removed events with
trajectories blocked by the Earth. The accuracy of the
MC proton rate has been validated by comparing a vari-
ety of distributions between MC and flight data. In par-
ticular, we inverted individual cuts in order to produce
samples with an enriched proton background contribu-
tion. The rate of MC protons agrees with flight data
within ∼ 8%.
Results. The common systematic uncertainty in the

CR electron/positron flux for the two background sub-
traction methods are: ±5% effective area; ±5% on-
board filter efficiency in the two lowest energy bins (20.0–
31.7 GeV); and +0%

−3% below 100 GeV, +0%
−10% above 100 GeV

due to atmospheric lepton contamination. The system-
atic uncertainty of atmospheric positron contamination
is asymmetric because such contamination can only cause
us to overestimate, not underestimate, the CR positron
flux. Systematic uncertainties present only for the flight
data fitting method are 5–10% (depending on energy and
region) due to discrepancies between the fit shape and
the actual distribution and 2–4% due to using the ref-
erence θ distribution. Components present only for the
MC method are ∼8% due to discrepancies between MC
protons and flight data, and 2–10% CR proton spectral
index uncertainty, evaluated using three recent CR pro-
ton spectrum measurements (BESS [32], AMS-01 [13],
and PAMELA [33]). Summing systematic uncertainty
components in quadrature (we expect them to be un-
correlated), we estimate 10–16% (depending on energy)
uncertainty in the positron flux for the fit method and
8–19% for the MC method. To determine the final un-
certainty of each spectral point we add the statistical un-
certainty in quadrature; for the MC method this includes
both signal and background statistics.
The two independent background subtraction meth-

ods produce spectra that are consistent with one another
in each of the three regions (positron, electron and con-
trol). Our best estimates of the spectra are shown in
Figure 4 and Table I. We chose the fit method for all
energy bins except the highest, because this method has
slightly smaller uncertainty. For the highest energy bin
we use the MC method because the statistics are not suf-
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FIG. 4: Energy spectra for e+, e−, and e+ + e
− (control re-

gion). In the control region where both species are allowed,
this analysis reproduces the Fermi LAT results reported pre-
viously for the total electron plus positron spectrum [19, 20]
(gray). The small difference between the combined e+ + e

−

flux we measured in the control region and the total flux we
reported previously is due to instrument response functions
that have been updated to account for “ghost events” [34].
Previous results form HEAT [9] and PAMELA [15] are shown
for reference. The bottom panel shows that the ratio between
the sum and the control flux is consistent with 1 as expected.

ficient for fitting. The positron fraction ( J(e+)
J(e+)+J(e−) ) is

shown in Figure 5. Error propagation is performed inde-
pendently for the fraction and for the individual spectra;
the contribution due to effective area uncertainty cancels
in the fraction.

Energy J(e+)× 105 J(e−)× 104 J(e+)
J(e+)+J(e−)

20.0 − 25.2 160±5+20
−21 154±1+14

−14 .094±.003+.010
−.010

25.2 − 31.7 80.2±2.9+10
−10 72.8±.6+6.5

−6.5 .099±.003+.010
−.011

31.7 − 39.9 43.4±2.0+4.9
−5.1 34.1±.4+2.5

−2.5 .113±.005+.012
−.012

39.9 − 50.2 21.8±1.7+2.5
−2.6 16.1±.3+1.2

−1.2 .119±.008+.012
−.013

50.2 − 63.2 10.7±1.4+1.2
−1.3 7.89±.28+.58

−.58 .119±.014+.012
−.013

63.2 − 79.6 5.52±1.4+.66
−.68 3.66±.23+.27

−.27 .131±.029+.014
−.014

79.6− 100 3.90±1.2+.46
−.48 1.67±.21+.12

−.12 .189±.049+.018
−.019

100− 126 1.83±.57+.22
−.28 .97±.12+.08

−.08 .160±.045+.017
−.023

126− 159 1.28±.45+.15
−.20 .481±.085+.039

−.039 .210±.065+.021
−.030

159− 200 .911±.48+.13
−.16 .214±.069+.011

−.011 .30±.13+.03
−.04

TABLE I: Flux (GeV−1 m−2 s−1 sr−1) and positron fraction
as a function of energy (GeV). Uncertainties are ±stat ±sys.

The spectrum measured in each of the three regions be-
tween 20 and 200 GeV is well described by a power law.
The fit to the positron spectrum is (2.02±.22 × 10−3

GeV−1 m−2 s−1 sr−1)( E

20GeV )−2.77±0.14, while the fit to

∼10 GeV [14, 15] with high precision, confirming the in-
dications seen in the earlier data.
The best established mechanism for producing CR

positrons is secondary production: CR nuclei interact
inelastically with interstellar gas, producing charged pi-
ons that decay to positrons, electrons, and neutrinos.
However, this process results in a positron fraction that
decreases with energy [4, 16]. The origin of the rising
positron fraction at high energy is unknown and has been
ascribed to a variety of mechanisms including pulsars,
CRs interacting with giant molecular clouds, and dark
matter. See [17, 18] for recent reviews.
The Large Area Telescope (LAT) is a pair-conversion

gamma-ray telescope onboard the Fermi Gamma-ray
Space Telescope satellite. It has been used to measure
the combined CR electron and positron spectrum from
7 GeV to 1 TeV [19, 20]. The LAT does not have a mag-
net for charge separation. However, as pioneered by [21]
and [22], the geomagnetic field can also be used to sepa-
rate the two species without an onboard magnet. Müller
and Tang [22] used the difference in geomagnetic cut-
off for positrons and electrons from the east and west
to determine the positron fraction between 10 GeV and
20 GeV. As reported below, we used the shadow im-
posed by the Earth and its offset direction for electrons
and positrons due to the geomagnetic field, to separately
measure the spectra of CR electrons and positrons from
20 GeV to 200 GeV. In this energy range, the 68% con-
tainment radius of the LAT point-spread function is 0.1◦

or better and the energy resolution is 8% or better.
Region selection and exposure calculation. The Earth’s

magnetic field significantly affects the CR distribution in
near-Earth space. At energies below ∼10 GeV, a signifi-
cant fraction of the incoming particles are deflected back
to interplanetary space by the magnetic field (“geomag-
netic cutoff”). The exact value of the geomagnetic cutoff
rigidity depends on the detector position and viewing
angle. In addition to the geomagnetic cutoff effect, the
Earth blocks trajectories for particles of certain rigidities
and directions while allowing other trajectories. This re-
sults in a different rate of CRs from the east than the
west (the “east-west effect”) [23–25].
Figure 1 shows example trajectories for electrons and

positrons. Positive charges propagating toward the east
are curved outward, while negative charges are curved
inward toward the Earth (Figure 1). This results in a
region of particle directions from which positrons can ar-
rive, while electrons are blocked by the Earth. At each
particle rigidity there is a region to the west from which
positrons are allowed and electrons are forbidden. There
is a corresponding region to the east from which electrons
are allowed and positrons are forbidden. The precise size
and shape of these regions depend on the particle rigidity
and instrument location.
We used a high-precision geomagnetic field model (the

2010 epoch of the 11th version of the International Ge-
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FIG. 1: Examples of calculated electron (red) and positron
(blue) trajectories arriving at the detector, for 28 GeV parti-
cles arriving within the Equatorial plane (viewed from the
North pole). Forbidden trajectories are solid and allowed
trajectories are dashed. Inset: the three selection regions
(electron-only, positron-only, and both-allowed) for the same
particle energy and spacecraft position as the trajectory traces
(viewed from the instrument position in the Equatorial plane).

omagnetic Reference Field [26]) and a publicly available
code [27] to trace charged particle trajectories in the mag-
netic field and determine allowed vs. forbidden regions
for each species. We previously used the same magnetic
field model and tracer code to perform a precise compar-
ison between predicted and measured geomagnetic cutoff
rigidities for the Fermi LAT orbit, finding that the tracer
code accurately predicts the geographical distribution of
the geomagnetic cutoff [28]. We also tested the model
for the 1995 epoch and found that the differences for this
analysis were small. We therefore used the static 2010
model for all of the data analyzed here, which spanned
June 2008 through April 2011.

Each particle trajectory is traced backward from the
spacecraft until it reaches 20 Earth radii from the Earth
center or reaches the Earth’s atmosphere, which we ap-
proximate with a 60 km thickness (Figure 1). If the tra-
jectory reaches 20 Earth radii, it is an allowed trajec-
tory. If it reaches the atmosphere, it is a forbidden tra-
jectory. We calculate electron-only, positron-only, and
both-allowed (control) regions for each 30 s time step us-
ing the instantaneous spacecraft latitude and longitude
and the nominal orbital altitude of 565 km. The regions
are determined for each energy bin, with 10 logarithmi-
cally spaced energy bins spanning 20–200 GeV. The 30 s
time step (in which the spacecraft travels ∼ 2◦ longitude)
is sufficient to achieve a finely sampled distribution of
instantaneous regions and exposures. Although we use
binned position data for the exposure calculation, we use
the instantaneous spacecraft position at the time of each
event to determine which region it lies in, so the event

…and AMS-02 is flying! 

example for 28 GeV 
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energetic flux of CREs in this scenario.
For simplicity, we assume all annihilations occur at the

surface of the Sun (as in [1]), since the density of DM
falls off quickly with distance from the Sun. Naturally,
e± produced in annihilations inside the surface of the
Sun cannot escape the Sun, and thus do not produce a
detectable flux.
The isotropic flux of e± particles from the Sun is

F = 2
ΓA,out

4πD2
!

(30)

where ΓA,out is the annihilation rate of DM particles
outside the surface of the Sun. The factor of 2 accounts
for the fact that 2 CREs are emitted per annihilation
of a pair of DM particles. However, it is also necessary
to take into account that CREs produced on the surface
of the Sun opposite to the Earth are extremely unlikely
to reach the detector, so we assume the flux of CREs
observable at the detector is a factor of 2 smaller than
that given by Eq. 30.
Following Refs. [45, 46], we assume that capture and

annihilation of particles in this scenario is in equilibrium,
i.e., ΓA = 1

2C!, where ΓA is the total annihilation rate at
all radii. We emphasize, however, that due to significant
uncertainties in the density profile of the captured iDM
particles, the assumption of equilibrium is less robust in
this case than in the elastic scattering scenario. Ref. [45]
concludes that equilibrium will be attained, but notes
the sizable uncertainties in this calculation. On the
other hand, for the limiting cross-sections we determine
for this scenario, the condition for equilibrium given
in Ref. [46] for inelastic capture requires a minimum
annihilation cross-section ranging from more than an
order of magnitude smaller than for a thermal relic for
small masses and δ = 110 keV to a factor of ∼ 3 larger
than thermal for larger masses and δ = 140 keV. In light
of the uncertainties in this calculation, we again work
under the assumption of equilibrium when deriving limits
on the scattering cross-section.
Defining fout as the fraction of captured DM particles

outside the Sun at a given instant, we have

ΓA,out = foutΓA =
1

2
foutC!. (31)

The capture rate of iDM particles by the Sun C! was
calculated by Refs. [45, 46]. Both studies note that there
are uncertainties in this calculation at the factor of a few
level. We use the capture rate as a function of DM mass
mχ and mass splitting δ as given in Fig. 2 of Ref. [46], and
interpolate the results shown in that figure. The capture
rates were calculated assuming the following parameters:
the velocity of the Sun in the DM rest frame v! =
250 km/s, the DM velocity dispersion ṽ = 250 km/s, the
local DM density ρDM = 0.3GeV/cm3, and the cross-
section per nucleon in the elastic limit σ0 = 10−40 cm2.
The relation between the total inelastic scattering cross-
section and the total elastic scattering cross-section is
given in Eq. 7 of Ref. [46]. The capture rate scales linearly
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10−43

10−42

10−41

10−40

σ
0 [

cm
2 ]

δ = 110 KeV
δ = 125 KeV
δ = 140 KeV

FIG. 8: Constraints on iDM model parameters for three
values of the mass splitting δ. Models above the curves
produce a solar CRE flux that exceeds the 95% CL flux upper
limit for a 30◦ ROI centered on the Sun in one or more energy
bins.

with ρDM and σ0, while the dependence on v! and ṽ is
mild over the mass range of interest (mχ ∼ 100GeV to ∼
1TeV). We note, however, that the constraints obtained
by direct detection experiments may be more sensitive
to variations in the assumed velocity distribution of the
DM particles.
The parameter fout was calculated by Ref. [1] by

simulating the capture of DM particles by the Sun via
inelastic scattering. Here we interpolate the values of fout
as a function of δ shown in Fig. 4 of that work, which
were calculated for mχ = 1TeV. Those authors note
that the dependence on mχ is weak for the mass range
of interest, thus we adopt the values of fout determined
by [1] for mχ = 1TeV for all masses considered. We
caution that the calculation of fout is subject to severe
uncertainties, and a detailed study beyond the scope of
this work is needed to more robustly estimate the value
of this parameter. In particular, we note that fout varies
by more than an order of magnitude over the range of δ
values considered in this study, and we therefore stress
that the calculation of fout introduces uncertainties in
the derived scattering cross-section limits of at least a
factor of a few.
We calculate the flux of CREs from annihilation of DM

in this scenario as a function ofmχ and σ0 for three values
of the parameter δ. We then derive constraints on the
mχ-σ0 parameter space by requiring that the predicted
flux of each DMmodel does not exceed the 95% CL upper
limits on solar CRE fluxes for a 30◦ ROI centered on the
Sun, again using the results derived in §III B. Since the
region from which the DM-induced flux originates in this
scenario is the angular extent of the Sun, the 30◦ ROI is
more than sufficient to encompass all of the DM signal.
The predicted flux is mono-energetic, however the

finite energy resolution of the LAT will result in the
observed events being assigned to more than one energy
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The transformation between the CM angle and lab angle
is given by [37]

∣

∣

∣

∣

d cos θcm
d cos θlab

∣

∣

∣

∣

=
[γ2

cl(α+ cos θcm)2 + sin2 θcm]3/2

|γcl(1 + α cos θcm)|
, (25)

with γcl = γ(βcl) and α = βcl/βjc. The lab and detector
angles are related by

θlab = θdet + sin−1

(

R sin θdet
r

)

, (26)

which gives

d cos θlab
d cos θdet

=
(|D" −R cos(θdet)|+R cos(θdet))2

r|D" −R cos(θdet)|
. (27)

The delta function in Eq. 21 enforces that the energy
observed at the detector is equal to the energy of the
emitted e± boosted to the lab frame,

E(θcm) =
1

2
γclmφ(1 + βcl cos θcm). (28)

Note that because the energy in the lab frame depends
only on θcm, and because θlab is determined by θcm,
fixing Edet corresponds to selecting only CREs emitted
at the corresponding θlab. For a specified θdet, the θlab of
particles observed along the line-of-sight R varies, hence
the observed energy of CREs emitted from a point along
the line-of-sight is a function of R, i.e., Edet(R). We
rewrite the delta function in Eq. 21 as the composition

δ(Edet − E(R)) =
δ(R −R0)

dE

dR
(R0)

(29)

and then perform the integration over R. The parameter
R0 is the value of R along the line-of-sight in the direction
θdet where θlab takes the value required to generate CREs
with a given Edet.
We evaluate the CRE flux within a ROI of 30◦ centered

on the Sun, and fix the value of mφ = 1GeV. We
calculate limits for three values of the decay length
L = 5AU, 1AU, and 0.1AU. Decreasing L increases
the observed CRE flux by condensing the region within
which most φ decay. However, we emphasize that even
for as large a decay length as L = 5AU, the signal
in the energy range used in this analysis is strongly
peaked in the direction of the Sun and extends only a
few degrees at most. Since the φ in this scenario are
relativistic, in the lab frame the emitted e± are boosted
along the direction the φ is moving, and so only φ exiting
the Sun very close to the direction of the detector will
produce decay products with large enough θlab to reach
the detector. In particular, for the e± to have sufficient
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FIG. 6: Constraints on DM annihilation to e+e− via an
intermediate state, from solar CRE flux upper limits. Solar
capture of DM is assumed to take place via spin-independent
scattering. The constraints obtained for three values of the
decay length L of the intermediate state are shown. Models
above the curves exceed the solar CRE flux upper limit at
95% CL for a 30◦ ROI centered on the Sun.
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FIG. 7: Constraints on DM parameters for annihilation to
e+e− via an intermediate state as in Fig. 6, except assuming
solar capture by spin-dependent scattering.

energy to fall within the energy range of this analysis,
a significant fraction of the φ energy must be deposited
into the e± that reach the detector. This only occurs
for e± emitted with very small θlab. This also leads
to an energy dependence of the angular signal: for a
given DM scenario, the angular extent of the flux at
high energies is smaller than at lower energies. We note
that decreasing mφ for a fixed mχ narrows the angular
extent of the signal, and therefore has little impact on our
results. We confirmed that for mφ as large as 10GeV,
the cross-section limits vary negligibly except for a slight
weakening of the limit at the lowest end of the mχ range
considered here.

strongly excludes iDM 
explanation for DAMA/LIBRA – 
CDMS inconsistency for m>70 
GeV and annihilation to e+e- 

Intermediate state è e+e- constraints 



Inner Galaxy 

•  "Lasciate ogne 
speranza, voi 
ch’entrate” – Dante 
Alighieri 

•  “If you’re going 
through hell, KEEP 
GOING!”  - Winston 
Churchill (emphasis added) 



Inner Galaxy 

          Troy A. Porter,  Stanford University                                                                               Fermi Symposium 3, Rome, May  2011

  Disentangling the Many Sources of Gamma-
Ray Emission is Challenging ...

Inner

Outer

The emission from the inner Galaxy 
consists of a number of components:

Outer Galaxy

True inner Galaxy

Point sources

Unresolved sources

Diffuse gamma rays produced 

by cosmic rays interacting with 

the interstellar gas and radiation 

fields 

http://galprop.stanford.edu

Use galprop cosmic ray 

propagation/diffuse emission 

code

          Troy A. Porter,  Stanford University                                                                               Fermi Symposium 3, Rome, May  2011

  

Subtraction of the Diffuse Emission
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Residual Emission for 15°x15° about GC

Galactic longitude (deg)

 Bright excesses remain after model subtraction  

Point-sources after likelihood overlaid on diffuse residual
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PSRJ1732-3131 

PSF > 1 GeV

          Troy A. Porter,  Stanford University                                                                               Fermi Symposium 3, Rome, May  2011

  

Summary

The majority of the diffuse emission is removed using a 

physically-motivated model based on GALPROP

Peaks in residual emission consistent with known 

sources

Work in progress to characterise the low-level residual 

structures and point sources 

Forthcoming paper(s) will describe the method and 

results in detail



QG-Related Limits from GRB 090510 
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Published in Nature, vol 462, p331 (plus 
comment on p291) 

…with the assumption that the 
HE photons are not emitted 
before the LE photons. 

also see, e.g., Ellis, Mavromatos, and 

Nanopoulos arXiv:0901.4052 / 

Phys.Lett. B674 (2009) 83-86 and 

Amelino-Camelia, Ellis, Mavromatos, 

Nanopoulos and Sarkar, Nature 393, 763 

(1998).  
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Fig. 2.— Highest-energy photons from blazars and GRBs from different redshifts. Pre-

dictions of γγ opacity τγγ = 1 (top panel) and τγγ = 3 (bottom panel) from various EBL
models are indicated by lines. Photons above model predictions in this figure traverse an

EBL medium with a high γ-ray opacity. The likelihood of detecting such photon considering
the spectral characteristics of the source are considered in the method presented in section

3.2.1.

– 24 –

HEP method applied to Stecker 06 HEP Rejection
Source z Energy (GeV) Pbkg PHEP Prejection Significance

J1147-3812 1.05 73.7 7.0× 10−4 1.2× 10−4 8.1× 10−4 3.2 σ

J1504+1029 1.84 48.9 5.6× 10−3 6.7× 10−5 5.7× 10−3

35.1 9.8× 10−3 6.8× 10−3 1.7× 10−2

23.2 5.6× 10−3 1.8× 10−1 1.9× 10−1

Combined Prej = 1.7× 10−5 4.1 σ

J0808-0751 1.84 46.8 1.5× 10−3 1.9× 10−4 1.7× 10−3

33.1 2.7× 10−3 3.7× 10−3 6.4× 10−3

20.6 6.9× 10−3 2.5× 10−1 2.6× 10−1

Combined Prej = 2.8× 10−6 4.5 σ

J1016+0513 1.71 43.3 1.1× 10−3 5.4× 10−4 1.6× 10−3

16.8 8.2× 10−3 4.9× 10−1 4.9× 10−1

16.1 8.2× 10−3 6.5× 10−1 6.5× 10−1

Combined Prej = 5.3× 10−4 3.3 σ

J0229-3643 2.11 31.9 1.7× 10−3 8.9× 10−5 1.8× 10−3 2.9 σ

GRB 090902B 1.82 33.4 2× 10−6 2.0× 10−4 2.0× 10−4 3.7 σ

GRB 080916C 4.24 13.2 8× 10−8 6.5× 10−4 6.5× 10−4 3.4 σ

Table 4: Listed are the significance of rejecting the “baseline” model (Stecker et al. (2006)),

calculated using the HEP method as described in Section 3.2.1. For completeness, we also
report individually the probability of the HEP to be a background event (Pbkg) and the

probability for this HEP not to be absorbed by the EBL if it were emitted by the source
(PHEP ). As explained in the text: Prejection = Pbkg+PHEP×(1−Pbkg). For those sources with
more than one constraining photon, the individual and combined Prejection are calculated.

The “fast evolution” model by Stecker et al. (2006) is more opaque and leads to an even
higher significance of rejection. Applying this method to less opaque models leads to no

hints of rejection since the probability PHEP is large in those cases (e.g. ! 0.1 for the
Franceschini et al. (2008) EBL model). Note that a log parabola model was used as the

intrinsic model for source J1504+1029 since evidence of curvature is observed here even
below 10 GeV (see Table 2).

arXiv:1005.0996 

Even	
  just	
  a	
  few	
  high-­‐Z	
  GRBs	
  
and	
  addi7onal	
  HE	
  photons	
  
from	
  Pass8	
  reanalysis	
  will	
  be	
  
VERY	
  helpful	
  



Primack et al 

No significant attenuation below ~10 GeV. 

A dominant factor in EBL models is the star 
formation rate -- attenuation measurements 
can help distinguish models. 

Photons with E>10 GeV are attenuated by the diffuse field of UV-
Optical-IR extragalactic background light (EBL) 

An Important Energy Band 

EBL over cosmological distances 
is probed by gammas in the 10-100 
GeV range.  

In contrast, the TeV-IR attenuation 
results in a flux that may be limited 
to more local (or much brighter) 
sources. 

only e-τ of the original 
source flux reaches us 
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Prospects and Promise 
•  DM: 

–  With dSphs: as LAT moves to 1 TeV and beyond with Pass 8 
sensitivity for high mass WIMPs will increase ~linearly with time. 
We could be able to exclude WIMP masses to ~> 200 GeV at 
below 3x10-26 cm3/s with 10 years of data.  More dSphs will also 
help! 

–  Galactic Center: Pass8, use of covariance information, and 
improved analysis will enable us to dissect the Galactic Center.  
This will take time.  

–  All the other DM venues: clusters, lines, other DM-dominated 
satellites, … 

•  Other new physics analyses in the pipeline 
•  Every high-z GRB is precious 

–  additional probes of velocity dispersion effects 
–  golden EBL constraints  

•  does the whole picture hang together?  Large boosts also probe Lorentz 
Invariance. 

 
•  …and, of course, there is plenty of room for more 

surprises! 
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