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Galaxy clusters are thought to grow by accreting
mass through strong virial shocks. Such a
collisionless shock is expected to accelerate
relativistic electrons, thus generating a spectrally
flat leptonic virial ring. However, previous
attempts to detect the cumulative signal from
virial rings have all failed. Here we identify a
virial γ-ray signal by stacking Fermi-LAT data
for 112 clusters, enhancing the ring sensitivity by
rescaling clusters to their virial radii. We identify
(5.9σ) a bright, spectrally flat γ-ray ring at the
expected shock position. It corresponds to
deposition of ∼0.6% (with an uncertainty factor
∼2) of the thermal energy in relativistic electrons
over a Hubble time.
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Introduction
With a mass M in excess of 1013 M , galaxy clusters are located at the nodes of the cosmic web, where they accrete
matter from the surrounding voids and through large-scale structure (LSS) filaments. They are thought to grow
by accreting gas through strong, collisionless, virial shocks, surrounding each cluster. These shocks form as the
accreted gas abruptly slows down and heats to virial temperatures.
Strong collisionless shocks are thought, by analogy with supernova remnant (SNR) shocks, to accelerate charged
particles to highly relativistic, & 10 TeV energies. These particles, known as cosmic ray (CR) electrons (CREs) and
ions (CRIs), are accelerated to a nearly flat, E 2 dN/dE ∝ const. spectrum (equal energy per logarithmic CR energy
bin), radiating a distinctive non-thermal signature which stands out at the extreme ends of the electromagnetic
spectrum, in high energy γ-rays 1–3 and in other 4–6 bands. High-energy CREs cool rapidly, on timescales much
shorter than the Hubble time H −1 , by Compton-scattering cosmic microwave-background (CMB) photons. These
up-scattered photons should then produce γ-ray emission in a thin shell around the galaxy cluster, as anticipated
analytically 1–3;7 and calibrated using cosmological simulations 3;4;8 .
Once the energy accretion rate Ṁ T of the cluster has been determined, its γ-ray signature depends on a
single free parameter, namely the CRE acceleration efficiency ξe , defined as the fraction of downstream thermal
energy deposited in CREs. As high-energy CREs are short lived, the γ-ray signal should reflect their spatiallyand temporally-variable injection rate. Locally, the signal thus depends on the single free parameter ξe ṁ, where
ṁ ≡ Ṁ /(M H) is the dimensionless mass accretion rate and H is Hubble’s constant.
A direct search for a virial shock is challenging, with only the Coma cluster showing virial signals in VERITAS 9 , Figure 1: Fermi-LAT photon flux (in units of s−1 cm−2 sr−1 ) sky map in the (1–500) GeV energy range, shown
Fermi and ROSAT 10 data. A more powerful approach is to boost the virial shock signal by stacking the data of in a Hammer-Aitoff projection with Galactic coordinates. The locations (white circles of radius 5R ) of the 112
500
many different clusters. However, until now this method failed to indicate a robust virial shock signal. Attempts clusters used in the analysis are superimposed.
to stack the Fermi-LAT data 11–17 failed to find a virial signal, although they did identify emission from the centers
of clusters 13;15 and from their large-scale environment 18 , associated with active Galactic nuclei (AGN).
The foreground, after point sources and the Galactic plane were masked, varies mainly on scales much larger than
the anticipated extent of the cluster signal. Therefore, this remaining foreground can be accurately approximated
Data preparation.
using a polynomial fit on large scales. For each cluster, we thus consider an extended, 0 < τ < τmax ≡ 15 disk
We use the archival, ∼ 8 year, Pass-8 LAT data from the Fermi Science Support Center (FSSC)† , and the Fermi region around its center, and fit the corresponding LAT data by an order N = 4 polynomial in the angular
f
Science Tools (version v10r0p5). Pre-generated weekly all-sky files are used, spanning weeks 9–422 for a total of coordinates τ and τ . This is done separately for each of the four energy bands.
x
y
414 weeks (7.9 yr), with SOURCE class photon events. A zenith angle cut of 90◦ was applied, according to the
For each cluster c, each photon energy band , and each radial bin centered on τ with width ∆τ = 0.5, we define
appropriate FSSC Data Preparation recommendations. Good time intervals were identified using the recommen- the excess emission ∆n ≡ n − f , where n is the number of detected photons, and f is the number of estimated
ded selection expression (DATA QUAL==1) and (LAT CONGIF==1). Sky maps were discretized using a HEALPix foreground photons. The resulting stacked flux, foreground flux, and excess emission are shown in Fig. 2. The
scheme 19 of order Nhp = 10, providing a mean ∼ 0.057◦ pixel separation. Event energies were logarithmically bin- significance of the excess emission can be estimated, assuming Poisson statistics with f  1, as
ned into N = 4 energy bands in the (1–100) GeV range. Point source contamination was minimized by masking
∆nc
pixels within the 90% containment angle of each point source in the LAT 4-year point source catalog (3FGL) 20 .
νσ,c (, τ ) = √ .
(1)
◦
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In order to reduce the Galactic foreground, we mask |b| < 20 latitudes, near the bright Galactic plane.
We stack the LAT data around 112 clusters (see Fig. 1) selected from the Meta-Catalog of X-ray Clusters 21
Next, we stack the data over the clusters in the sample. To examine the robustness of our analysis and
according to the following criteria: (i) a mass M500 > 1013 M enclosed within R500 ; (ii) an angular radius 0.2◦ < possible biases by a large number of photons arriving from a few high-foreground or bright clusters, or from a high
θ500 < 0.5◦ , chosen to avoid small angles below the high-energy LAT PSF, and extended clusters where the significance signal arriving from a few low foreground clusters, we define two different methods to compute the
foreground estimation is complicated; (iii) a sufficient distance from the Galactic plane, with latitude |b| > 20◦ ; significance of the signal stacked over clusters.
and (iv) a distance of at least 1.8◦ (the 90% containment angle at 1 GeV) from any 3FGL point source.
The first, more standard method is photon co-addition. Here, at a given radial bin and energy band, we
separately sum the excess photon count and the foreground photon count over the Nc clusters. The stacked
significance is evaluated as the ratio between the stacked excess and the square root of the stacked foreground,
Cluster virial radii span a wide range of spatial (rv ) and angular (θv ) scales. Hence, unlike previous studies, we
PNc
select and stack the data on the normalized angles τ ≡ θ/θ500 .
c=1 ∆nc
νσ(ph) (, τ ) = qP
.
(2)
Nc
† http://fermi.gsfc.nasa.gov/ssc
f
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Direct significance estimation.

Next, we co-add the N = 4 logarithmic energy bands with equal weights,
PN
νσ (, τ )
νσ (, τ ) = =1√
.
N

−9

x 10

10 0 .0 GeV–10 0 .5
10 0 .5 GeV–10 1 .0
10 1 .0 GeV–10 1 .5
10 1 .5 GeV–10 2 .0

1.5

GeV
GeV
GeV
GeV

(4)

The resulting significance of the excess emission (Fig. 3) shows two spatially separated components: a central component and a peripheral, ring-like component. The two components, each arising from the cumulative contribution
of many clusters, are found in a wide range of cluster masses.
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Figure 2: Scaled and radially binned energy flux, stacked over the full cluster sample, as a function of the
normalized radius τ , shown in each of the four energy bands (symbols given by the legend, with solid lines). Also
shown are the estimated foreground (dashed curves) and the excess emission (lower symbols, with dash-dotted
lines).
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The second method is cluster co-adding. Here, at a given radial bin and energy band, we co-add the significance
νσ,c of Eq. (1) over the Nc∗ (, τ ) clusters for which it is defined (i.e. where fc > 0),
Figure 3: Significance νσ () estimation as a function of the scaled angular radius τ , stacked both by photon
co-addition
(blue circles with solid lines) and by per-cluster signficance co-addition (red rectangles with dashed
PNc∗
lines). The 1σ confidence levels of the mock catalog distributions are shown (thin lines) for photon co-addition
(cl)
c=1 νσ,c
.
(3) (solid blue curve) and for cluster co-addition (dashed red). Also shown are the simulated signals for the best fit
νσ (, τ ) = p
Nc∗
models combining AGN with a full virial shock (black down-triangles with a dotted line) and with a planar shock
The two methods qualitatively agree with each other, although they do differ in a handful of bins by up to ∼ 1σ. (orange up-triangles with a dotted line). The TS-equivalent signficance values of the full leptonic ring are also
shown (green dash-dotted line).
The difference between the two methods gauges the stacking systematics.
In order to validate the foreground-based significance estimation and to examine possible systematic biases,

we prepare and analyze a large number (Nmock = 2000) of control (mock) cluster catalogs. In each mock catalog
we use the exact same cluster masses and angular radii as those in the true sample, but place them in random
locations on the sky, assuring that the mock clusters satisfy the same cut criteria of the true cluster sample.
The 1σ band of the mock clusters is shown in Fig. 3. The mean hνσ i of the mock catalogs deviates from
zero by no more than 0.1, revealing no large systematic bias. The variance Var(νσ ) of the mock catalogs deviates
appreciably from unity only beyond τ ' 12, indicating that out to this large radius , our significance estimates are
reliable.

emission in the plane of the sky (as inferred in Coma 10 ). This model yields a signature (shown in the figure as down
triangles) of width comparable to the signal, but of nominal significance (4.2σ) lower than that of the spherical
shock model, and is therefore currently disfavored.

Conclusions

We presented a robust, high significance LAT detection of virial rings around stacked galaxy clusters, consistent with
the signals inferred around Coma. This confirms the paradigm of LSS accretion through virial shocks. The shocks
are not highly non-spherical, otherwise the signal would have been smeared by the stacking. They are consistent
Parameter and TS-based significance estimation.
with a nearly fixed enclosed over-density δ, as accordingly rescaling their radius has facilitated the detection of
In order to measure the model parameters and their uncertainty, and to accurately determine the significance of the stacked signal; furthermore, the shock location closely matches that expected from simple spherical collapse
the signals, one must take into account the PSF corrections, the signal and foreground photon statistics, and the models 24 , and from simulated ΛCDM clusters 3;25 . Our results positively test the theory of CRE acceleration,
correlations that are induced by cuts in the map, by masked pixels, and by our methods of stacking. We do so generalizing it to scales much larger than accessible ever before.
primarily using a control sample, Monte Carlo simulating the LAT data that would arise from the clusters of a
Adopting our nominal CRE injection rate as typical of all clusters, we obtain 9 a diffuse γ-ray component
mock catalog, for a given choice of model parameters (based on cluster β-models; see [22]). The resulting mock 2 dJ/d ' 0.1(ξe ṁ/1%) keV s−1 cm−2 sr−1 , contributing a significant fraction of the extragalactic 26 γ-ray backphoton counts are then injected into the real LAT data, and the result is analyzed with the same pipeline used to ground. In the radio, we find a νIν ∼ 10−11 (ξe ṁ/1%)(ξB /1%) erg s−1 cm−2 sr−1 synchrotron signal, observable
study the real clusters. We repeat this for Nmock = 10 catalogs, and for a large set of parameter values. Each mock through δTl ' 0.4(ν/GHz)−3 K fluctuations at multipoles 400 . l . 2000 with present interferometers such as
cluster corresponds to a real cluster in our sample, and is assigned with the same parameters but with a random LOFAR and EVLA 4;27 .
location in the permitted region of the sky. A maximal likelihood (minimal χ2 ) analysis is used to calibrate the
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