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Motivation

Proton anisotropy with Fermi LAT Justin Vandenbroucke

Aartsen, M. G. et al. 2016, ApJ, 826, 220

Known TeV-PeV anisotropy 

– Dipole amplitude O(10-4-10-3) 
– Small-scale structure O(10-5-10-4)

IceCube 
Large-scale 
(Equatorial) 

Still unknown 

– Full-sky orientation (missing 
declination component) 

– Composition dependence 

Fermi LAT O(100 GeV) data set tests complementary 
energy range and sensitive to full sky (inc. declination)
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Fermi Large Area Telescope
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Fermi Gamma-ray Space 
Telescope launched in June 2008 

– Equatorial orbit (25.6° 
inclination) 

Large Area Telescope (LAT) 
– Pair conversion gamma-ray 

telescope 

Survey instrument 
– 2.4 sr instantaneous field of 

view (20% 4π) 
– Full-sky coverage every    

~3 hrs (2 orbits) 
– Slews N/S from zenith to 

survey entire sky 
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Fermi LAT subsystems
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TKR

CAL

ACD

Anti-Coincidence Detector (ACD) 

•Segmented scintillator tiles 
•Charged particle ID 

Tracker (TKR) 
•18 layers X and  Y Si strips 
•Tungsten to promote pair 
conversion 

•Direction reconstruction

Calorimeter (CAL) 
•8 layers of CsI crystals 

•3D shower structure 
•Energy measurement 

•Lepton/hadron separation 
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Event selection
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• 8 years of Pass 8 data 

– Dec. 2008 - Dec. 2016 

• 78 GeV - 9.8 TeV 

• Use ACD and TKR to 
measure charge 

– Residual nuclei 
contamination < 1% 

• Classifier to separate 
protons from e+/e- 

– Residual lepton 
contamination < 1% 

• Classifier and ACD cuts 
reject photons 

• Proton angular resolution 
~0.02°
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Geomagnetic systematics
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Wide field of view -> LAT sees near Earth’s horizon 

✓

Energy-dependent theta (angle between 
event and LAT axis) cuts 

– 78 GeV < Ereco < 139 GeV: θ<45° 

– Ereco > 139 GeV: θ<50°

– East-West effect visible in Altitude-
Azimuth coordinates

N WES S

N WES S

Preliminary

Preliminary

78 GeV < Ereco < 139 GeV
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Analysis methods
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Sensitivity < 0.1% 

– Cannot estimate exposure using simulation 

Data-driven approach: Reference map 

– Detector response to an isotropic sky 

Spherical harmonic analysis of relative intensity  

– Full-sky exposure -> unbiased estimate of multipole coefficients

...

Angular power

Dipole amplitude
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Reference maps
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Data-driven method 

– Average out anisotropy in the data while maintaining exposure 

Ground-based 

– Loss of sensitivity in declination 

Fermi LAT 

– Spacecraft slewing -> extra degree of freedom 

– 2D sensitivity 

Average in right ascension Average in RA and Dec
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Equatorial sky maps
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Data map Reference Map

Ereco > 78 GeV 

– 160 million events (3072 pixels) 

– Reference map = average of 25 
independent realizations
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Angular power spectrum
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Significant power in the 
quadrupole 

–Preliminary! 
–Working to understand 

this anisotropy 
–Systematics in l=2 due to 

equatorial orbit 

Consistent with isotropic sky 
at all other angular scales

Cl = measured power 

CN = power due to Poisson noise

Angular scale ~ 180°/l

Ereco > 78 GeV



Dipole amplitude
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Energy-integrated dipole amplitude 

– Calculate angular power spectrum for subsets of data with increasing 
minimum energy  

– Calculate dipole amplitude directly from power at l=1

Proton anisotropy with Fermi LAT Justin Vandenbroucke



Dipole upper limits
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Fermi LAT 90% CL and AMS-02 95% CL 

– Cumulative energy bins 
– AMS-02 not absolute measurement (uses 

low-energy protons as reference) 

Ground-based 

– Right ascension sensitivity only

Strongest limits on 
declination component 
of dipole at any energy

Proton anisotropy with Fermi LAT Justin Vandenbroucke



Conclusion
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•Searched for anisotropy in 160 million events in 8 years of Fermi-LAT data 
•No significant dipole 

•Significant quadrupole is under investigation 

•Strongest limits to date on the declination component of the dipole amplitude 
(for any energy range)

Proton anisotropy with Fermi LAT Justin Vandenbroucke
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Backup
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e+/e- classifier
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Preliminary

log10(1-WP8HEEProb_v237_logE_5.25_5.50)
5− 4− 3− 2− 1− 0
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Classifier Output

R
at

e 
[H

z] Preliminary• Dedicated classifier 
developed for Fermi LAT 
e+/e- analyses 

• Uses differences in 
leptonic vs. hadronic 
showers 

• 8 energy bins 

• Residual lepton 
contamination < 1% 
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Reference map algorithm
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• Bin data in time (bin size is one year) 

• Calculate average rate and P(theta, phi) from distribution of 
detected events in the detector frame 

• Given these quantities, calculate expected N events for 
each second of live time 

• Draw direction from P(theta,phi) 

• Calculate sky direction from drawn direction and spacecraft 
pointing 

• Repeat 25x and average realizations to beat down statistical 
fluctuations 
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Significance map
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• No features present in Li & Ma significance Map 

• Significance distribution consistent with standard normal

Ereco > 78 GeV
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Fermi LAT e+/e- anisotropy
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5

the angular scale of the FoV; iii) Methods 2 and 3 show a303

better behavior w.r.t. the white noise value. As discussed304

above, the shu✏ing technique is based on an event time305

sequences fixed to the real one, and this can break the306

Poisson random process between events on an angular307

scale larger than the FoV.308
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FIG. 1. Method 1 (left) and Method 2 (right) APS as a
function of the multipole l for ideal detectors with a 50� FoV
radius based on 1000 independent simulations. The colored
bands show the regions corresponding to di↵erent quantiles
at ±1� (green), ±2� (yellow) and ±3� (gray) respectively.
The blue lines show the calculation from the white noise
distribution at the same quantile values. The fluctuations
outside the 2� region are due to the limited number of
simulations.

We performed an additional simulation injecting a309

dipole anisotropy from the direction (l = 230�, b = �3�)310

with di↵erent amplitudes ranging between 10% and 0.1%311

(expected sensitivity limit due to the statistics). We were312

able to detect these anisotropies with the shu✏ing and313

rate methods in the case of large anisotropy amplitude314

w.r.t. the sensitivity limit. However, the true dipole315

anisotropy is underestimated, in particular with the316

shu✏ing method. Further details on this validation study317

can be found in the SOM.318

Finally, we performed a further validation study based319

on the CRE LAT Instrument Response Functions (IRFs)320

for electrons and protons (which contaminate the CRE321

sample). We simulated an isotropic distribution with322

electron, positron and proton intensities according to the323

AMS02 data [14, 15], still using the real attitude of the324

spacecraft with the real LAT livetime. The geomagnetic325

e↵ects were also taken into account by back-tracking326

each primary particle from the LAT to 10 Earth radii,327

to check if it can escape (allowed direction), or if it328

intercepts the Earth or it is trapped in the geomagnetic329

field (forbidden direction). We used the International330

Geomagnetic Reference Field model (IGRF-12) [16] to331

describe the magnetic field in the proximity of the Earth.332

We performed the analysis in nine independent energy333

bins from 42 GeV to 2 TeV. To reduce the geomagnetic334

e↵ects below the level of our sensitivity, we performed335

the analysis with a reduced FoV, i.e., we set the allowed336

maximum o↵-axis angle as a function of energy. As a337

result, the maximum zenith angle that could be observed338

is set by the FoV, since the angle between the LAT Z-339

axis (on-axis direction) and the zenith (i.e., the rocking340

angle) is fixed with the sky-survey attitude.341
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FIG. 2. Dipole anisotropies as a function of energy. Top
panel: simulated isotropic data using Methods 1-4. Bottom
panel: real data using Methods 1-2. The markers (median
energy value calculated for a power-law flux with a spectral
index of -3) show the results and the horizontal error bars
indicate the energy bin width. The colored bands show the
expected central confidence intervals of the white-noise at 68%
and at 95%.

We adopt this strategy to avoid any distortion of342

the distribution of arrival directions in the instrument343

coordinates, since in the analysis we assume that this344

distribution is the same as the one generated by an345

isotropic arrival distribution. The final set of maximum346

o↵-axis (✓) angles are: ✓ < 40� for E(GeV) in the range347

[42, 56]; ✓ < 50� for E(GeV) in the range [56, 75] and348

✓ < 60� for E(GeV)>75. The maximum o↵-axis angle349

used in the current work corresponds to the one used to350

reconstruct the LAT CRE spectrum [6].351

We calculate the APS with the four methods352

introduced above. For each method we average 10000353

realizations to create the reference map to be used to354

extract the APS.355

Figure 2 shows the dipole anisotropy � = 3
p

C1/4⇡ [1]356

calculated using the C1 values as a function of energy357

for the last simulation for Methods 1-4 (top panel). The358

colored bands show the expected confidence intervals due359

Fermi-LAT Proton Anisotropy Matthew Meehan

eight years and searched for anisotropy in their arrival directions. We did not observe a significant
anisotropy at any angular scale except in the quadrupole and further work is underway in order to
rule out systematics as its source. We calculated upper limits on the dipole amplitude as a function
of minimum energy. Due to the limited reconstruction capabilities of ground-based experiments,
these are the strongest limits to date on the declination dependence of the dipole.
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• Fermi LAT e+/e- anisotropy search in 7 years of Pass 8 data 

• Consistent with isotropy across all energy bins 

• Dipole UL range from 3 x 10-3 - 3 x 10-2 
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LAT particle spectra
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Model of the cosmic-ray particles fluxes from background simulation. Note 
that particle energy is reconstructed under the gamma-ray hypothesis and 
does not necessarily represent actual energy for hadrons. 

The Astrophysical Journal Supplement Series, 203:4 (70pp), 2012 November Ackermann et al.
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Figure 10. Model of the LAT orbital position and particle direction-averaged CR-induced particle intensities (Mizuno et al. 2004) sampled from a 64 s live-time
background-simulation run. The intensity of the extragalactic diffuse background emission measured by the LAT (Abdo et al. 2010e) is shown for comparison. Note
that the event energy is reconstructed under the hypothesis of a downward-going γ ray and in general does not represent the actual energy for hadrons.
(A color version of this figure is available in the online journal.)

(∼5% to ∼0.01%, depending on the energy, incidence an-
gle, and the event sample). Because the Earth limb is ex-
tremely bright and some part of it is almost always be-
hind the LAT, γ rays from the limb are the dominant
component of “back-entering” background contamination.
Furthermore, since we misestimate the directions of these
back-entering γ rays by >90◦, they are often reconstructed
outside the Earth exclusion region.

Figure 10 shows the average CR-induced particle intensities at
the orbit of the LAT in the model that we use. For comparison the
intensity of the extragalactic diffuse γ -ray emission measured
by the LAT (Abdo et al. 2010e) is overlaid to demonstrate the
many orders of background suppression necessary to distinguish
it from particle background. The model was developed prior to
launch based on data from satellites in similar orbits and balloon
experiments (Mizuno et al. 2004).

As the particle rates are strongly dependent on location in
geomagnetic coordinates, the details of the orbit model are
also important. For tuning the event analysis, or for estimating
the background rates for typical integration times of months or
years, the simulated time interval must be at least equal to the
precession period of the Fermi orbit (53.4 days). Simulating
these high particle rates for such a long time interval is quite
impractical, in terms of both CPU capacity and disk storage
requirements. For studies of background rejection we usually
simulate an entire precession period to ensure a proper sampling
of the geomagnetic history, but to limit the particle counts
we generate events for only a few seconds of simulated time
every several minutes, e.g., a typical configuration requires
event generation for 4 s every 4 minutes of time in orbit.
This partial sampling is a compromise between the limited
CPU and disk usage, and the requirement of having good
statistics. Considering the LAT background rejection power,
in order to have sizable statistics after even the first stages of
the event analysis are performed, we must start with a simulated
background data set of over 109 CRs.

3. EVENT TRIGGERING, FILTERING, ANALYSIS,
AND CLASSIFICATION

In this section, we describe the analysis steps that determine
which events make it into our final γ -ray data sample, start-
ing with the triggering and filtering performed by the on-board

data acquisition system (Section 3.1), moving on to the recon-
struction of particle interactions in the event (Section 3.2), the
analysis of the event as a whole (Section 3.3), and finally the
definition of the γ -ray classes (Section 3.4). The overall logical
structure of this process is illustrated in Figure 11.

The event analysis requires knowledge of the LAT, the physics
of particle interactions within its volumes, and of the particle
backgrounds in the Fermi orbit. As described in Section 2.5,
we use large MC samples of γ rays and of CRs to devise the
best procedures to extract estimates of energies and incident
directions, and to classify events as either γ rays or charged
particle backgrounds.

Finally, in Section 3.5 we describe the publicly available LAT
event samples, while in Section 3.6 we describe the calibration
sources, event samples and methods we use to validate and
characterize the performance of the LAT using flight data.

3.1. Trigger and On-board Filter

In this section, we review the event triggering, the readout of
the LAT, and the filtering performed on board in order to reduce
the data volume downlinked to ground.

3.1.1. Triggering the LAT Readout

Each subsystem provides one or more trigger primitives (or
trigger requests) as detailed in the following list.

1. TKR (also known as “three-in-a-row”). Issued when three
consecutive x–y silicon layer pairs—corresponding to six
consecutive silicon planes—have a signal above threshold
(nominally 0.25 MIPs). This signals the potential presence
of a track in a tower. Since many tracks cross between
towers and/or have more than three x–y layers within a
tower, the TKR trigger request is very efficient.

2. CAL_LO. Issued when the signal in any of the CAL crystal
ends crosses the low-energy trigger threshold (nominally
100 MeV).

3. CAL_HI. Issued when the signal in any of the CAL crystal
ends crosses the high-energy trigger threshold (nominally
1 GeV).

4. VETO. Issued when the signal in any of the ACD tiles is
above the veto threshold (nominally 0.45 MIP). It signals a
charged particle crossing the tile. The trigger system has a
programmable list of ACD tiles associated with each TKR
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Fermi LAT exposure

Proton anisotropy with Fermi LAT Justin Vandenbroucke

Atwood et al, ApJ 697, 1071 (2009)

Full-sky exposure 
–Full-sky coverage every 3 hours or 2 orbits 
–Spacecraft rocks N/S on successive orbits
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Anisotropy search method
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1 - Relative intensity

2 - Spherical harmonic decomposition

3 - Angular power spectrum

Data map
Reference Map

4 - Dipole amplitude
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Instrument response to protons
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Angular separation between 
true track direction and 
reconstructed track direction 
(from simulation) 

68% containment: 0.02° 

Energy response matrix 
comparing reconstructed 
energy to true energy (from 
simulation) 


