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Gamma-rays

• Trace most energetic processes in the universe
• Shocks
• Explosions
• Relativistic particles

(injected directly via feedback 
and/or accelerated by 
intracluster shocks)
• Cosmic rays

• They are rare, so we stack
(pulsar stack example) à
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Figure 2. Results of TS stacking. Top left: TS values of 362 target pulsars from analysis between 300 MeV and 100 GeV. Bottom left: TS values of 362 randomly
sampled control field test sources. The histogram values and the error bars are the averages and standard deviations after 100 samplings of the 540 control fields.
The orange histograms represent the j2/2 distribution for 2 degrees of freedom. The red dashed vertical line represents TS = 25, the usual detection threshold.
Top right: Cumulative TS values of the target pulsars (blue) and control field test sources (green). The light blue shaded area represents randomly reordered
stacks of the pulsar TS values. The light green shaded areas represent uncertainties of the stack for control fields estimated from bootstrap resampling of the
stacks. Bottom right: The final mean cumulative TS value for pulsars (vertical blue line) and control fields (green histogram). The dashed green line represents
the mean of the distribution. The dotted lines represent the mean of the standard deviations of the 1000 realizations of the bootstrap resampling process.

two populations, �(TS) = 204, naively indicating a 14.3f difference.
More conservatively, using the bootstrap uncertainty ranges yields a
2.5f difference.

3.2 Parameter Space Stacking Results

The results of the parameter space stacking are shown in Fig. 3. Each
panel indicates the location of a peak TS value, and the contours are
within �TS = 13.2, 20.7, and 30.3 of the peak, which correspond to
idealized 3, 4, and 5f likelihoods. The left panel shows the result of
all 353 pulsar ROIs stacked, and a similar analysis of control field
test sources is shown for comparison.

For the pulsar ROIs, the maximum TS value of 300 occurs for
a flux of 1.70+1.41

�0.68 ⇥ 10�10 ph cm�2 s�1and a spectral index of
�0.56+0.56

�0.93. Using 5f uncertainties. The sensitivity of the LAT for
these latitude ranges is 3–5⇥10�10 ph cm�2 s�1, about 2-3 times
higher than the fluxes we are able to probe here. The spectral index
is typical for 4FGL pulsars (Smith et al. 2019). For the control fields,
the maximum TS value of 349 occurs at a flux of 3.94+2.04

�1.22 ⇥ 10�10

ph cm�2 s�1and a spectral index of �2.63+1.12
�1.38. At the location in

parameter space where the peak TS value for the pulsars occurs, the
�(TS) = 28 between the pulsars and control fields, which corresponds

naively to 4.8f for 2 degrees of freedom. We note that although a
peak of similar TS and flux occurs in the parameter space stack for the
control fields, that peak corresponds to a significantly softer spectral
index than for a typical pulsar. As such, the diffuse background and/or
unmodeled sources in Fermi data can be systematic effects or signal
contamination in stacks that resemble the stack of the control fields.
Very soft spectra generated from stacking should be treated with
suspicion as our analysis and previous work (Paliya et al. 2020) show
this may be generated when stacking blank sky.

3.3 Stacked Spectral Energy Distributions

We stack the signals in different photon energy bins to generate a
stacked spectral energy distribution (SED) for pulsars with properly
calibrated distances (Fig. 4). To assess the SED of the collection
of pulsars properly, the pulsar fluxes are recalibrated to the same
distance of 1.695 kpc (the average of the distances in the sample).
Here we bin the data into three energy bins: 300 MeV to 1 GeV, 1
GeV to 10 GeV, and 10 GeV to 100 GeV. While pulsars are known
for their distinctively curved SEDs, in each energy bin a power law
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• Most massive objects in the 
universe, nodes of the cosmic web
• Feedback of some kind boosts core 

temperature
• Jets from active galactic nuclei?
• Winds from starburst 

supernovae?
• Shocks from galaxy mergers 

and/or infall?
• Mysterious business??
• All the above???

• Stack nearby Planck SZ clusters

Galaxy clusters
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