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Space-borne γ-ray telescopes

3

106 104 102 100 10-2 10-4 10-610810101012(eV)

limited by γ-ray fluxes 
and size constraints for satellites



of 24L. Tibaldo Status of space-based γ-ray astronomy

Detecting γ rays in space
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Introduzione ai rivelatori di particelle 

coefficiente di assorbimento 

•  il coefficiente di assorbimento (in cm-1 o in cm2/g) è 
dato dal contributo dei vari processi: 

 
•  Il coefficiente di attenuazione dipende fortemente 

dall’energia del fotone.  
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The Fermi γ-ray sky
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> 1 GeV
Fermi LAT 

2008-2015
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Resolving the γ-ray sky: diffuse emission
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Fig. 3. Illustration of the �-ray sky in pseudocolor in Mollweide projection. Panel (a) shows the 6.5 year data. The panels (b) and
(c) show the reconstructed (total) photon flux that in (b) is reconvolved with the IRFs. Panel (d) shows the reconstructed diffuse
photon flux. The panels (e) and (f) reproduce the latter but are overlaid with the feature contours found by Su et al. (2010) (white:
Giant Fermi Bubbles, light magenta: Donut, light blue: North Arc, light gray: Radio Loop I ) and contours of the 408MHz radio
map from Haslam et al. (1982), respectively. Panel (g) highlights the contours defining the “bulge”-, “cloud”-, and “bubble”-like
regions discussed in Section 3.3.

Excluding the point-like contribution from the recon-
volved count map, the diffuse �-ray sky becomes fully re-
vealed, see Fig. 1b. The diffuse count map clearly displays
Galactic features and substructures within the ISM. In com-
parison to the standard Galactic diffuse model3, we find
obvious residuals. These include diffuse structures on very
small scales that are not captured in the reconstruction be-
cause its effective resolution is limited due to signal-to-noise
and IRFs. At high latitudes, extragalactic contributions are
reconstructed and yield an excess compared to the Galactic
diffuse model. While the reconvolved photon count image
appears somewhat smoothed, its deconvolved counterpart
3 The standard Galactic diffuse model is provided by
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
aux/gll_iem_v05_rev1.fit.

displays the Milky Way in more detail. The diffuse �-ray
fluxes in the individual energy bands are shown in Fig. 2.
The coarseness of the images increases with energy because
the number of detected photons, and thus the signal-to-
noise ratio, drops drastically. The uncertainties of the re-
constructions are illustrated in the lower panels of Fig. 2.
Nevertheless, the Galactic disk and bulge are clearly visible
at all energies.

3.1.1. Pseudocolor images

In order to obtain a better view on the spectral character-
istics of the �-ray sky, we combine the maps at different
energies by a pseudocolor scheme. This scheme is designed
to mimic the human perception of optical light in the �-

Article number, page 4 of 17

diffuse component
D3PO, pseudocolor
Selig+ A&A 581 2015 A126

diffuse emission = no individual sources
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• general catalogs, e.g., 3FGL

• 4 years, 100 MeV-300 GeV

• 3033 sources (> 4.1σ)

• specific source classes/energy ranges
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.
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Resolving the γ-ray sky: sources
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CR origin: testing the SNR paradigm
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• SNR paradigm: 10% of SN energy into cosmic rays

• LAT SNR Catalog, 1-100 GeV

• 30 sources classified as SNRs

• 14 marginal candidates

• 245 upper limits on radio SNRs
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Fig. 21.— Estimates of the CR energy content (in units of 1049 erg) for all Galactic SNRs, divided into three categories

according to the level of information on their distances and densities (see text for details), and sorted in Galactic

longitude within each subclass. Symbols and color coding are the same as in Figure 8 and are restated in the lower

right corner. The names of the young and interacting SNRs ranked as classified or marginal GeV candidates are also

given. The two dashed lines indicate a CR energy content of 10 and 100% of the standard SN explosion energy. Note

that we added upward arrows for RX J1713.7�3946 and RX J0852.0�4622 (aka Vela Jr) given the respective upper

limits on the ambient density, based on the absence of thermal X-ray emission in these two SNRs.

Fermi LAT collab.  ApJS 224 2016 8A
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A cocoon of freshly accelerated CRs in Cygnus
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encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.

www.sciencemag.org SCIENCE VOL 334 25 NOVEMBER 2011 1105
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γ-ray excess counts 8 μm emission (W m-2 s-1 , log10)

• massive star-forming regions

• CR isotopic abundances 
(22Ne, trans-iron)

• 80% SN = gravitational 
collapse of massive star

• superbubbles

• CR cocoon in Cygnus

• single source or superbubble?

• advection? confinement?

Fermi LAT collab.  Science 334 2011 1103

To reproduce the LAT data with pure ha-
dronic emission (16), we need an amplification
factor of (1.6 to 1.8) × (E/10 GeV)0.3 of the Local
proton and helium spectra in the cocoon. It im-
plies a total CR energy of 1.3 × 1042 J above 2
GeV/nucleon and a volume energy density 50%
larger than that near the Sun.

We calculated an upper bound to the IC emis-
sion expected from CR electrons, with the Local
spectrum, upscattering the stellar light from Cyg
OB2 andNGC6910 (16). The enhanced, infrared-
rich, interstellar radiation field (ISRF) in the re-
gion (fig. S8) also provides hard IC emission in
addition to the cluster contributions and to the
Galactic component included in the background
model. We used radio to infrared maps, the Local
electron spectrum, and a 25-pc (1°) thickness
along the lines of sight to estimate the ISRF and
IC spectra in each pixel subtended by the cocoon
(16). We added stellar light fields to account for
the average abundance of stars outside Cyg OB2
and NGC6910. The total IC emission, integrated
over the cocoon directions, is too faint and too
soft to match the data (Fig. 4). An amplification
factor of 60 × (E/10 GeV)0.5 of the Local electron
spectrum can, for instance, account for the LAT
data without overpredicting the average synchro-
tron intensity we measured at 0.408 and 1.42
GHz in the cocoon. The synchrotron calculation
used a magnetic field of 2 nT deduced from
pressure balance with the gas. The amplified
electron spectrum gives a total energy of 4 ×
1041 J above 1 GeV.

Whether CR electrons or nuclei dominate
the cocoon g radiation, its hardness points to
freshly accelerated particles. TeVelectrons have a
20,000-year lifetime against synchrotron and IC
losses in the cocoon environment (with av-
erage magnetic and ISRF energy densities of
9.9 and 6.8 MeV m−3, respectively). A hard pion
spectrum indicates nuclei having recently left
their accelerator. After a travel time t, particles dif-
fuse to a characteristic length L2D= [4D(E) t]

1/2 for

an interstellar diffusion coefficient D(E) = 1024

(E/10 GeV)1/2 m2/s. They can flood the entire
cocoon in a few thousand years from a single
accelerator anywhere in Cygnus X, with higher-
energy particles reaching farther out (Fig. 3B).
The fact that we obtain consistent widths for the
Gaussian source in the 1 to 10 and 10 to 100 GeV
bands, however, suggests an efficient confine-
ment inside the cocoon.

We conclude that the cavities carved by the
young stellar clusters form a cocoon of hard CRs.
It provides evidence for the long-advocated hy-
pothesis that OB associations host CR factories.

Where is/are the accelerator(s)? g Cygni is a
potential candidate. Its relation to the Cygnus X
cavities is unclear. It expands in low gas densities
[0.3 cm−3 (18)], but a chance alignment in this
crowded direction is possible. g Cygni shelters
energetic particles shining in g rays (figs. S2 and
S3). We used the present expansion character-
istics of the 7000-year-old shockwave to follow
its past evolution and to evaluate the energy the
particles could reach by Fermi acceleration at the
end of the free expansion phase, 5000 years ago
(16). With CR pressure feedback on the shock
and magnetic amplification by the streaming
CRs, we obtain maximum energies of 80 to 300
TeV for protons and 6 to 50 TeV for the radiating
electrons (16). These values are high enough to
explain the LAT emission with nuclei and/or
electron emission after a few thousand years of
interstellar propagation, but not the Milagro flux
with pure IC emission. The anisotropy of the
emission around the supernova remnant chal-
lenges this scenario. The slightly foreground
molecular ridge extending southeast of the
remnant (along L889 and HII region 4) may be
too far to serve as a target mass (10). Another
option involves a champagne flow (19, 20) with
the shockwave breaking away into a cavity and
advecting particles out, independent of their en-
ergy, but there is no evidence that the shockwave
of g Cygni rushes out on its eastern rim (12). In

the absence of advection, the short diffusion
lengths expected in the turbulent medium of
Cygnus X (see below) may rule out the very
young g Cygni as the unique accelerator in the
cocoon.

OB associations are considered as CR accel-
erators from the collective action ofmultiple shocks
from supernovae and the winds of massive stars
[e.g., (5,6,21–23)]. The age ofCygOB2, spreading
from 3:5þ0:75

−1:0 million years in the core to 5:25þ1:5
−1:0

million years in the northwest (9), allows the pro-
duction of very few supernovae, if any. NGC6910
has a comparable age of 6 T 2 million years (24).
We applied the superbubble acceleration formal-
ism (5) solely to the termination shocks of ran-
dom winds in the high gas pressure (10−12 Pa) of
the cocoon (16). Their characteristic size and
mean separation of ~10 pc is taken as the energy-
containing scale of the strong magnetic turbu-
lence (16). It leads to diffusion lengths that are
shorter by a factor of 100 than in the standard
interstellar medium; thus, protons can remain
confined over 100,000 years in agreement with
the time scale implied by isotopic abundances
(1, 25). Their energy distribution peaks at 10 to
100 GeV and extends to 150 TeV, so their g
radiation in the ambient gas can explain the
hard cocoon spectrum (16). It is therefore
possible that the cocoon is an active CR super-
bubble. It provides a test case to study the
impact of wind-powered turbulence on CR
diffusion and its potential for acceleration, both
for in situ CR production and to energize
Galactic CRs passing in the tangled environ-
ment of star-forming regions. Small g-ray spectral
variations across the cocoon can point to a single
accelerator or to a distributed acceleration within
the superbubble.

A dozen outstanding stellar clusters, at least
as young and rich as Cyg OB2, are known in the
Galaxy [e.g., (9)]. The production and confine-
ment of fresh CRs in the Cygnus X cocoon pro-
vides an alternative scenario on the origin of the
TeVemission seen toward several of these clusters
[the Arches, Quintuplet, and Sgr B2 (26), West-
erlund 2 (27), and Westerlund 1 (28)].
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Fig. 4. Energy spectrum of the
cocoon emission. The 1s errors
are statistical; 2s upper limits
are given below 1 GeV. The
Milagro flux (open circle), in-
tegrated over 78.7° < l < 81.7°
and –0.4° < b <2.6°, is
corrected for the extrapolation
of the TeV J2032+4130 source
at energies >10 TeV. The blue
curves show the expectations
from the Local CR spectrum
pervading the ionized gas for
electron densities neff = 10 cm−3

(solid) and 2 cm−3 (dashed). The
black curves give the expect-
ations from the Local CR elec-
tron spectrum upscattering the
stellar light from Cyg OB2 (up-
per dotted curve), NGC 6910 (lower dotted curve), and the interstellar radiation present in the cavity and
PDRs (dashed curve). The red curve sums all IC emissions.
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The Crab nebula flares
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Fig. 5.— Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light
curve is binned into equal exposure bins during times with no Earth occultation, with a mean bin duration
of nine minutes. The dotted line indicates the sum of the 33-month average fluxes from the inverse-Compton
nebula and the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the
latter. The solid black lines show the best fit of a model consisting of a constant plus an exponential function
at the rise of both sub-flares (see text). The blue vertical lines indicate the intervals of each Bayesian Block
during which the flux remains constant within statistical uncertainties. The time windows are enumerated
at the top of the panel. The corresponding flux is shown by the blue marker below each number. The SED
for each of the time windows is shown in Figure 6.

flux hypothesis. The algorithm to determine the
optimal partition is described by Jackson et al.
(2005). The BB-binned light curve is shown in
Figure 5. It is statistically compatible with the
original light curve (χ2

r/ndf = 257/232). This im-
plies that flux variations within each BB cannot be
distinguished with confidence from a locally con-
stant flux. The shortest BBs are detected at the
maximum of both sub-flares and have durations
of ≈9 hours.

In order to measure the rate of flux increase at
the rising edges of the sub-flares we parametrized
them with an exponential function plus a constant
background. The best-fit functions are shown in
Figure 5. The time ranges over which the fits were
performed were defined by the centers of the BBs
before and at the maximum of each sub-flare. The
resulting doubling time is 4.0 ± 1.0 hours and 7.0
± 1.6 hours for the first and second sub-flare, re-
spectively. As these values depend on the some-
what arbitrarily chosen parametrization and fit

ranges, we conservatively estimate that the dou-
bling time scale in both sub-flares is td ! 8 hours.

The PDS of the April 2011 flare is shown in
Figure 4. It was obtained by computing the
Fourier transform of the autocorrelation function
using an algorithm for unevenly sampled data
(Edelson & Krolik 1988). The PDS can be de-
scribed by a power law of index ≈1.1 and reaches
the noise floor at a frequency of ≈0.6 cycles per
day. The doubling time of the corresponding sinu-
soidal component is ≈10 hours, in agreement with
the expectation from the measured doubling times
of the flares.

The pulsar flux remained unchanged during
the flare, with an average flux above 100 MeV
of FP = (21.7 ± 1.1) × 10−7 cm−2 s−1 dur-
ing the main part of the flare (MJD 55663.70–
55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the pha-
sogram during the main flare period is shown.
The peaks in the on-pulse interval remain at the
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Fig. 6.— Spectral Energy Distribution evolution during the April 2011 Crab flare. Arrows indicate 95%
confidence flux upper limits. The time windows are indicated in the bottom left corner of each panel and
correspond to the ones indicated in Figure 5. The dotted line shows the SED of the flaring component, the
dot-dashed line the constant background from the synchrotron nebula, and the dashed line is the sum of both
components (see text). The average Crab nebular spectrum in the first 33 months of Fermi observations is
also shown in gray for comparison.

same position. We also searched for periodici-
ties other than the Crab pulsar with the time-
differencing technique (Atwood et al. 2006), ap-
plying the event-weighting technique described in
Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spindown
up to twice the value of the Crab pulsar. No sig-
nificant signal was found besides the pulsar, which
was detected with a significance > 5.5σ. Finally,
we searched for photon clumping on time scales
shorter than the ≈10 min time binning by apply-
ing a Bayesian Block analysis on the single photon
arrival times, with no significant detection.

4.1. Spectral evolution during the flare

In order to measure the energy spectrum dur-
ing the flare, and its evolution with time, the data
must be averaged in time intervals long enough
to ensure adequate photon statistics, but short
enough to provide adequate temporal resolution.
The 11 bins of approximately constant flux, de-
rived from the BB analysis, provide a reasonable
compromise between these two constraints.

The SEDs for each of the time bins are shown
in Figure 6, after subtracting the steady emis-
sion from the pulsar and the inverse-Compton
component of the nebula. It can be clearly seen
that a new spectral component emerges from the
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Fig. 6.— Spectral Energy Distribution evolution during the April 2011 Crab flare. Arrows indicate 95%
confidence flux upper limits. The time windows are indicated in the bottom left corner of each panel and
correspond to the ones indicated in Figure 5. The dotted line shows the SED of the flaring component, the
dot-dashed line the constant background from the synchrotron nebula, and the dashed line is the sum of both
components (see text). The average Crab nebular spectrum in the first 33 months of Fermi observations is
also shown in gray for comparison.

same position. We also searched for periodici-
ties other than the Crab pulsar with the time-
differencing technique (Atwood et al. 2006), ap-
plying the event-weighting technique described in
Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spindown
up to twice the value of the Crab pulsar. No sig-
nificant signal was found besides the pulsar, which
was detected with a significance > 5.5σ. Finally,
we searched for photon clumping on time scales
shorter than the ≈10 min time binning by apply-
ing a Bayesian Block analysis on the single photon
arrival times, with no significant detection.

4.1. Spectral evolution during the flare

In order to measure the energy spectrum dur-
ing the flare, and its evolution with time, the data
must be averaged in time intervals long enough
to ensure adequate photon statistics, but short
enough to provide adequate temporal resolution.
The 11 bins of approximately constant flux, de-
rived from the BB analysis, provide a reasonable
compromise between these two constraints.

The SEDs for each of the time bins are shown
in Figure 6, after subtracting the steady emis-
sion from the pulsar and the inverse-Compton
component of the nebula. It can be clearly seen
that a new spectral component emerges from the
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• variability < 8 h, 1% 
pulsar spindown power

• emitting region       
< 3 10-4 pc

• PeV electrons emitting 
γs up to 1 GeV

• magnetic reconnection?

Buehler+  ApJ 749 2012  26B
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• start constraining thermal 
relic cross section

• strongest limits from 
dwarf spheroidal galaxies

• DM density best 
constrained

• detection at Galactic 
center?

Baltz+  JCAP 07 2008 13
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Figure 9: Comparison of representative published limits (curves) and best-fit regions (ellipses) for the bb̄ channel found using
LAT data for several DM targets. References and details about the scenario selected as the representative limit or best-fit
values for each DM target are provided in Tab. 2.

4.3. Limiting Factors in Search Sensitivity

To understand the benefits of additional data taking for DM searches we consider three cases. Because
of the rapidly falling power-law backgrounds, individual search targets might fall under di↵erent cases at
low and high energies.

1. Searches that are or will be systematics limited: for these we cannot expect to improve the sensitivity
dramatically. We do expect that the sensitivity will improve as our knowledge of the �-ray sky and
the astrophysical backgrounds improve, but these improvements are likely to be incremental.

2. Searches that are background limited: here we can expect the sensitivity to improve as
p

t. As the
mission continues, the relative gain in sensitivity from these searches is moderate. Doubling the current
data set would result in a good, but not overwhelming, ⇠ 40% improvement in sensitivity for these
searches.

3. Searches that are signal limited: here we can expect the the sensitivity to improve proportionately
with time. These are the searches that constitute the strongest case for continued data taking.

For many of the targets that we will discuss, the searches are for a small signal against a large background.
For those cases the largest and most problematic systematic uncertainties come for mis-modeling the back-
ground in a way that would induce a fake signal or mask a real signal. Typically such uncertainties will scale
roughly linearly with the background. We have developed and applied a technique for DM searches with
significant systematic uncertainties, namely calculating the “e↵ective background” b

e↵

(i.e., the background
weighted by how strongly it overlaps with the signal) for the search [58, 138, 139]. We estimate systematic
uncertainties by positing that they can be expressed as a fraction of b

e↵

, i.e., f = n
sig

/b
e↵

and measuring
the observed signal in control regions, where no DM signal should be present. This e↵ective background
methodology is discussed in more detail in App. F and in Refs [140–143].

The statistical uncertainties on the number of counts assigned to a signal arising from fluctuation in the

background are expected to be roughly �n
sig

= b
1/2

e↵

. To include the e↵ect of systematic uncertainties we
estimate the total uncertainty of the signal as a fraction of the e↵ective background added in quadrature

15
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0.001 0.005 0.013 0.029 0.06 0.12 0.25 0.5 1 2 4

Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV band represented in Galactic coordinates
and Hammer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size was varied
to achieve a minimum signal-to-noise ratio under the kernel of 2. The color scale is logarithmic and the units
are counts per (0.1 deg)2.

22

SNRs and PWNe
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FSRQs

Unc. Blazars

Others

Unassociated

Extended

Fig. 2.— Sky map, in Galactic coordinates and Hammer-Aitoff projection, showing the sources in the 2FHL
catalog classified by their most likely association.
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9%
13%

75%

AGN
Unassoc.
Other Galactic
SNR/PWN
PSR
External galaxy

• segmented ACD/calorimeter: reduce 
back-splash self-veto

• Pass8 analysis

• reliable energy estimate up to 2 TeV

• 25% larger effective area > 10 GeV

• 2FHL Catalog

• 80 months, 50 GeV-2 TeV

• 360 sources → 75% previously 
unknown

• upcoming: 3FHL (1720 sources,          
10 GeV-2 TeV)

Fermi LAT collab.  ApJS 222 2016 5A
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Residual intensity, �

Fig. 30.— Residual map (Figure 22, top right) overplotted with the edge of the bubbles. The direction of the bars

perpendicular to the edge corresponds to the local gradient in the residual map; the length of the bars represents

the width of the edge. The location of the curve along the edge corresponds to the locus of the best fit values of

'

0

(Equation 15).

all models of foreground emission and templates of the bubbles is �' = 3.4 ± 2.0[stat]+3.1
�1.7[syst] deg.

The systematic uncertainty boundaries are estimated as values which enclose ±34% of the values above

and below the median value. We take the median instead of the mean in order to avoid bias due to

outliers with large values of the width either due to oversubtractions in the foreground modeling or poor

convergence of the width estimation.

6.4. Spectrum in latitude strips

The spectra for northern and southern bubbles are shown in Figure 32. These spectra are derived

similarly to the overall spectrum of the bubbles, but instead of one template of the bubbles, we fit two

independent templates: for the northern and southern bubbles. We find that the spectra in the North

and in the South agree with each other within the uncertainties. The southern bubbles has a region of

enhanced emission, the cocoon, while the brightness in the northern bubbles is more uniform. The overall

intensities of the two bubbles are consistent with each other.

The spectra in latitude strips are shown in Figure 33. For the derivation of the spectra in strips we

separated the template of the bubbles into 6 independent templates according to latitude. The latitude

boundaries of the stripes are �60� to �40�, �40� to �20� and �20� to �10� in the South and 10� to 20�,

20� to 40� and 40� to 60� in the North. With the current level of statistical and systematic uncertainties,

we cannot detect a variation of the spectrum with latitude. Our results agree with Hooper & Slatyer

(2013) at latitudes |b| > 20�, but we do not find a significant variation of the spectrum of the bubbles

Fermi LAT collab.  ApJ 793 2014 64A

Carretti+ Nature 493 2013 66 

γ rays (foreground subtracted) 10-500 GeV

linearly-polarized intensity 2.3 GHz

– 29 –

obtained for di↵erent Galactic foreground models and choices in the analysis strategy. The systematic

errors include the uncertainties of the LAT e↵ective area Ackermann et al. (2012). The distributions of

the fit parameters ↵ and � for the log parabola fits are shown in Figure 19 on the left.

The power law with a cuto↵ fit above 100 MeV is dominated by low and intermediate energies. In

order to find a value of the high-energy cuto↵ unbiased by low energies, we fit the power law with a

cuto↵ in the range 1 GeV to 500 GeV. We obtain Ecut = 113 ± 19[stat]+45
�53[syst] GeV and � = 1.87 ±

0.02[stat]+0.14
�0.17[syst]. The distribution of indices and cuto↵ energies of the power law with exponential

cuto↵ fits are shown in Figure 19 on the right. The corresponding distributions of �

2 per number of

degrees of freedom (NDF) are presented in Figure 20. The log parabola gives a good description of the

data over the whole energy range. The simple power law does not describe the data well even above 1

GeV. The power law with a cuto↵ is preferred over a power law with at least 7� significance.

We calculate the total luminosity of the bubbles for |b| > 10� for each determination of the spectrum

in the energy range from 100 MeV to 500 GeV. The bubbles are found to have a luminosity of (4.4 ±
0.1[stat]+2.4

�0.9[syst]) ⇥ 1037 erg s�1. The distribution of the solid angle subtended by the bubbles, and the

luminosity for the models considered are shown in Figure 21.
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Fig. 18.— Left: SED of the bubbles for |b| > 10� obtained using the GALPROP template analysis (red squares)

and local template analysis (green triangles). The points with error bars represent the spectra obtained with the

two methods (Figures 6 and 15). The shaded bands are the systematic uncertainties due to the analysis procedure

and Galactic foreground modeling as described in 3.3 and 4.4. Right: combined bubble SED compared to the

earlier result from Su & Finkbeiner (2012) for |b| > 20�. The baseline model is the same as the GALPROP curve in

the left plot. The systematic uncertainties are the envelope of all possible spectra obtained from the two methods.

In the combined spectrum we include the uncertainties in the LAT e↵ective area (Ackermann et al. 2012) by adding

them in quadrature to the envelope of the other systematic uncertainties. The curves show the functional forms

fitted to the SED points. Solid blue line: log parabola. Dotted red line: simple power law. Dash-dotted green line:

power law with an exponential cuto↵.

• lobe-like structures from 
the Galactic center

• giant nuclear magnetized 
outflow

different integration regions

Fermi LAT collab.  ApJ 793 2014 64A
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Quasi-periodic modulation in PG 1553+113 5

FIG. 3.— Left top panel: pulse shape (epoch-folded) γ-ray (E > 100 MeV) flux lightcurve at the 2.18 year period (two cycles shown). Left bottom panels:
2D plane contour plot of the CWT power spectrum (scalogram) of the γ-ray lightcurve, using a Morlet mother function (filled color contour). The side panel to
this is the 1D smoothed, all-epoch averaged, spectrum of the CWT scalogram showing a signal power peak in agreement with the 2.18-year value, also showing
the LSP. Dashed lines depict increasing levels of confidence against red-noise calculated with Monte Carlo simulation. The γ-ray signal peak is above the 99%
confidence contour level (< 1% chance probability of being spurious). Right top panel: pulse shape from epoch folding of the optical flux lightcurve at the 2.18
year period (two cycles shown). Right bottom panels: the same CWT and LSP diagrams for the optical lightcurve. The optical signal peak is above the 95%
confidence contour level.

same techniques as for the γ-ray data. This analysis gives a
period of 754±20 days (2.06±0.05 years), consistent within
uncertainties with the γ-ray results (Fig. 3).
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FIG. 4.— Power Density Spectrum (PDS) of the LAT 0.1 − 300 GeV
count rate lightcurve of PG 1553+113 from a 3◦ exposure-weighted aperture
photometry technique with 600-second time bins.

The less coherent 15 GHz lightcurve (5.7-years OVRO
data) shows a signal power peak at 1.9 ± 0.1 year, with an

additional power component at a 1.2-year timescale. Swift
XRT data show a factor of 5 variation linearly correlated with
the γ-ray flux, while the synchrotron peak frequency shows a
factor ∼ 6 increase during high X-ray states, as suggested by
Reimer et al. (2008).
The long-term X-ray count rate lightcurve from the Rossi-

XTE ASM instrument (1996 February 20 to 2010 September
11) and the Swift-BAT (from 2005 May 29) were also ana-
lyzed but do not show any signal above the low-frequency
noise, because of insufficient statistics.
An important diagnostic for multi-frequency periodicity

analysis is the discrete cross-correlation function (DCCF)
used with two independent and complementary approaches.
In the first procedure, flux variations are modeled assum-

ing a simple power law ∝ 1/fα (with f = 1/t) in the PDS
as measured directly from the lightcurve data, allowing us to
estimate the cross-correlations significance avoiding the as-
sumption of equal variability in all sources at the cost of a
model assumption (Max-Moerbeck et al. 2014). For the γ-ray
lightcurve with 20-day binning we obtain a best fit α = 0.8,
but the error is unconstrained, indicating that the length of
the data set is too short (i.e. below five cycles), relative to
the suspected periodic modulation, to enable a reliable data
characterization. The 45-day bin lightcurve yields a best fit
α = 0.1 with unconstrained error. The optical PSD is con-
strained: the best fit value is α = 1.85, with 1σ limits at
[1.75, 2.00]. The 15 GHz flux light curve a slope of α = 1.4,
with unconstrained limits on the α values as for the γ-ray data.

γ rays  optical

• blazar PG 1553+113

• nearly-periodic oscillation 2.18 y period

• LAT: c.l. 99% over 6.9 years

• correlated with optical (> 9 y), radio, X rays 

• pulsational accretion flow instabilities? jet precession? 
accretion-outflow coupling? SMBH binary system?

Fermi LAT collab.  ApJL 813 2015 41A
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adapted from  Knödlseder CRPhy 17  2016 663

• deep calorimeter  
(multi TeV, % energy 
resolution)

• DAMPE (2015)

• HERD (>2020)

• + TKR/imaging CAL 
separation (0.02° PSF)

• Gamma-400 
(2021?) 
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adapted from  Knödlseder CRPhy 17  2016 663

• gas time projection 
chambers

• 3 to > 100 MeV 
energy range

• PSF < 1°

• polarization

• R&D: AdePT, HARPO

adapted from  Knödlseder CRPhy 17  2016 663
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adapted from  Knödlseder CRPhy 17  2016 663

• Si tracker with no 
passive converter: 
Compton+pairs

• 500 keV to > 100 
MeV

• 1° PSF

• polarization

• e-ASTROGAM (M5?), 
ComPair (MIDEX?)

adapted from  Knödlseder CRPhy 17  2016 663
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.
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Fig. 3. Illustration of the �-ray sky in pseudocolor in Mollweide projection. Panel (a) shows the 6.5 year data. The panels (b) and
(c) show the reconstructed (total) photon flux that in (b) is reconvolved with the IRFs. Panel (d) shows the reconstructed diffuse
photon flux. The panels (e) and (f) reproduce the latter but are overlaid with the feature contours found by Su et al. (2010) (white:
Giant Fermi Bubbles, light magenta: Donut, light blue: North Arc, light gray: Radio Loop I ) and contours of the 408MHz radio
map from Haslam et al. (1982), respectively. Panel (g) highlights the contours defining the “bulge”-, “cloud”-, and “bubble”-like
regions discussed in Section 3.3.

Excluding the point-like contribution from the recon-
volved count map, the diffuse �-ray sky becomes fully re-
vealed, see Fig. 1b. The diffuse count map clearly displays
Galactic features and substructures within the ISM. In com-
parison to the standard Galactic diffuse model3, we find
obvious residuals. These include diffuse structures on very
small scales that are not captured in the reconstruction be-
cause its effective resolution is limited due to signal-to-noise
and IRFs. At high latitudes, extragalactic contributions are
reconstructed and yield an excess compared to the Galactic
diffuse model. While the reconvolved photon count image
appears somewhat smoothed, its deconvolved counterpart
3 The standard Galactic diffuse model is provided by
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
aux/gll_iem_v05_rev1.fit.

displays the Milky Way in more detail. The diffuse �-ray
fluxes in the individual energy bands are shown in Fig. 2.
The coarseness of the images increases with energy because
the number of detected photons, and thus the signal-to-
noise ratio, drops drastically. The uncertainties of the re-
constructions are illustrated in the lower panels of Fig. 2.
Nevertheless, the Galactic disk and bulge are clearly visible
at all energies.

3.1.1. Pseudocolor images

In order to obtain a better view on the spectral character-
istics of the �-ray sky, we combine the maps at different
energies by a pseudocolor scheme. This scheme is designed
to mimic the human perception of optical light in the �-

Article number, page 4 of 17

encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.
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Fig. 5.— Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light
curve is binned into equal exposure bins during times with no Earth occultation, with a mean bin duration
of nine minutes. The dotted line indicates the sum of the 33-month average fluxes from the inverse-Compton
nebula and the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the
latter. The solid black lines show the best fit of a model consisting of a constant plus an exponential function
at the rise of both sub-flares (see text). The blue vertical lines indicate the intervals of each Bayesian Block
during which the flux remains constant within statistical uncertainties. The time windows are enumerated
at the top of the panel. The corresponding flux is shown by the blue marker below each number. The SED
for each of the time windows is shown in Figure 6.

flux hypothesis. The algorithm to determine the
optimal partition is described by Jackson et al.
(2005). The BB-binned light curve is shown in
Figure 5. It is statistically compatible with the
original light curve (χ2

r/ndf = 257/232). This im-
plies that flux variations within each BB cannot be
distinguished with confidence from a locally con-
stant flux. The shortest BBs are detected at the
maximum of both sub-flares and have durations
of ≈9 hours.

In order to measure the rate of flux increase at
the rising edges of the sub-flares we parametrized
them with an exponential function plus a constant
background. The best-fit functions are shown in
Figure 5. The time ranges over which the fits were
performed were defined by the centers of the BBs
before and at the maximum of each sub-flare. The
resulting doubling time is 4.0 ± 1.0 hours and 7.0
± 1.6 hours for the first and second sub-flare, re-
spectively. As these values depend on the some-
what arbitrarily chosen parametrization and fit

ranges, we conservatively estimate that the dou-
bling time scale in both sub-flares is td ! 8 hours.

The PDS of the April 2011 flare is shown in
Figure 4. It was obtained by computing the
Fourier transform of the autocorrelation function
using an algorithm for unevenly sampled data
(Edelson & Krolik 1988). The PDS can be de-
scribed by a power law of index ≈1.1 and reaches
the noise floor at a frequency of ≈0.6 cycles per
day. The doubling time of the corresponding sinu-
soidal component is ≈10 hours, in agreement with
the expectation from the measured doubling times
of the flares.

The pulsar flux remained unchanged during
the flare, with an average flux above 100 MeV
of FP = (21.7 ± 1.1) × 10−7 cm−2 s−1 dur-
ing the main part of the flare (MJD 55663.70–
55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the pha-
sogram during the main flare period is shown.
The peaks in the on-pulse interval remain at the
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Fig. 14.— Comparison of radio spectal index, ↵, and GeV photon index, �. The expected

correlations are plotted for ⇡0 decay or e± bremsstrahlung (solid) and IC emission from

an electron population that is freshly accelerated (dashed) or cooled by radiative processes

(dotted). Emission via a combination of processes would fall between the lines (e.g. between

the solid and dashed for a combination of ⇡0 decay and IC emission). Symbols, colors, and

error bars are as in Figure 8; ticks along the right hand side show the 1 � 100 GeV photon

indices of those SNRs without reported radio spectral indices.

index measurement by Milne & Haynes (1994). This SNR is neither young nor a TeV source.

SNRs emitting via a combination of mechanisms under these simple assumptions would have

indices falling between the two index relations, that is, they would lie in the region spanned

by the ⇡0/bremsstrahlung (solid) and IC (dashed) lines.

The lack of an observed correlation between the indices as expected under these simple

assumptions suggests that more detailed physical models are required for the majority of

SNR candidates. The observed soft GeV spectra relative to the radio has several potential

explanations. The underlying leptonic and hadronic populations may have di↵erent PL in-

dices. The emitting particle populations may not follow a PL but may instead have breaks or

even di↵ering spectral shapes. Finally, there may be di↵erent zones with di↵erent properties

dominating the emission at di↵erent wavelengths.

new results

10

1
10

2
10

3
10

4

m� [GeV]

10

�27

10

�26

10

�25

10

�24

10

�23

10

�22

h
�
vi

[
c
m

3
s

�
1
]

b¯b
Daylan+ (2014)

Gordon & Macias (2013)

Calore+ (2014)

Abazajian+ (2014)

MW Halo: Ackermann+ (2013)

MW Center: Gomez-Vargas+ (2013)

dSphs: Ackermann+ (2015)

Unid. Sat.: Bertoni+ (2015)

Virgo: Ackermann+ (2015)

Isotropic: Ajello+ (2015)

X-Correl.: Cuoco+ (2015)

APS: Gomez-Vargas+ (2013)

Thermal Relic Cross Section

(Steigman+ 2012)

Figure 9: Comparison of representative published limits (curves) and best-fit regions (ellipses) for the bb̄ channel found using
LAT data for several DM targets. References and details about the scenario selected as the representative limit or best-fit
values for each DM target are provided in Tab. 2.

4.3. Limiting Factors in Search Sensitivity

To understand the benefits of additional data taking for DM searches we consider three cases. Because
of the rapidly falling power-law backgrounds, individual search targets might fall under di↵erent cases at
low and high energies.

1. Searches that are or will be systematics limited: for these we cannot expect to improve the sensitivity
dramatically. We do expect that the sensitivity will improve as our knowledge of the �-ray sky and
the astrophysical backgrounds improve, but these improvements are likely to be incremental.

2. Searches that are background limited: here we can expect the sensitivity to improve as
p

t. As the
mission continues, the relative gain in sensitivity from these searches is moderate. Doubling the current
data set would result in a good, but not overwhelming, ⇠ 40% improvement in sensitivity for these
searches.

3. Searches that are signal limited: here we can expect the the sensitivity to improve proportionately
with time. These are the searches that constitute the strongest case for continued data taking.

For many of the targets that we will discuss, the searches are for a small signal against a large background.
For those cases the largest and most problematic systematic uncertainties come for mis-modeling the back-
ground in a way that would induce a fake signal or mask a real signal. Typically such uncertainties will scale
roughly linearly with the background. We have developed and applied a technique for DM searches with
significant systematic uncertainties, namely calculating the “e↵ective background” b

e↵

(i.e., the background
weighted by how strongly it overlaps with the signal) for the search [58, 138, 139]. We estimate systematic
uncertainties by positing that they can be expressed as a fraction of b

e↵

, i.e., f = n
sig

/b
e↵

and measuring
the observed signal in control regions, where no DM signal should be present. This e↵ective background
methodology is discussed in more detail in App. F and in Refs [140–143].

The statistical uncertainties on the number of counts assigned to a signal arising from fluctuation in the

background are expected to be roughly �n
sig

= b
1/2

e↵

. To include the e↵ect of systematic uncertainties we
estimate the total uncertainty of the signal as a fraction of the e↵ective background added in quadrature
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Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV band represented in Galactic coordinates
and Hammer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size was varied
to achieve a minimum signal-to-noise ratio under the kernel of 2. The color scale is logarithmic and the units
are counts per (0.1 deg)2.
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new frontiers new horizons

– 40 –

Fig. 30.— Residual map (Figure 22, top right) overplotted with the edge of the bubbles. The direction of the bars

perpendicular to the edge corresponds to the local gradient in the residual map; the length of the bars represents

the width of the edge. The location of the curve along the edge corresponds to the locus of the best fit values of

'

0

(Equation 15).

all models of foreground emission and templates of the bubbles is �' = 3.4 ± 2.0[stat]+3.1
�1.7[syst] deg.

The systematic uncertainty boundaries are estimated as values which enclose ±34% of the values above

and below the median value. We take the median instead of the mean in order to avoid bias due to

outliers with large values of the width either due to oversubtractions in the foreground modeling or poor

convergence of the width estimation.

6.4. Spectrum in latitude strips

The spectra for northern and southern bubbles are shown in Figure 32. These spectra are derived

similarly to the overall spectrum of the bubbles, but instead of one template of the bubbles, we fit two

independent templates: for the northern and southern bubbles. We find that the spectra in the North

and in the South agree with each other within the uncertainties. The southern bubbles has a region of

enhanced emission, the cocoon, while the brightness in the northern bubbles is more uniform. The overall

intensities of the two bubbles are consistent with each other.

The spectra in latitude strips are shown in Figure 33. For the derivation of the spectra in strips we

separated the template of the bubbles into 6 independent templates according to latitude. The latitude

boundaries of the stripes are �60� to �40�, �40� to �20� and �20� to �10� in the South and 10� to 20�,

20� to 40� and 40� to 60� in the North. With the current level of statistical and systematic uncertainties,

we cannot detect a variation of the spectrum with latitude. Our results agree with Hooper & Slatyer

(2013) at latitudes |b| > 20�, but we do not find a significant variation of the spectrum of the bubbles

Quasi-periodic modulation in PG 1553+113 5

FIG. 3.— Left top panel: pulse shape (epoch-folded) γ-ray (E > 100 MeV) flux lightcurve at the 2.18 year period (two cycles shown). Left bottom panels:
2D plane contour plot of the CWT power spectrum (scalogram) of the γ-ray lightcurve, using a Morlet mother function (filled color contour). The side panel to
this is the 1D smoothed, all-epoch averaged, spectrum of the CWT scalogram showing a signal power peak in agreement with the 2.18-year value, also showing
the LSP. Dashed lines depict increasing levels of confidence against red-noise calculated with Monte Carlo simulation. The γ-ray signal peak is above the 99%
confidence contour level (< 1% chance probability of being spurious). Right top panel: pulse shape from epoch folding of the optical flux lightcurve at the 2.18
year period (two cycles shown). Right bottom panels: the same CWT and LSP diagrams for the optical lightcurve. The optical signal peak is above the 95%
confidence contour level.

same techniques as for the γ-ray data. This analysis gives a
period of 754±20 days (2.06±0.05 years), consistent within
uncertainties with the γ-ray results (Fig. 3).
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FIG. 4.— Power Density Spectrum (PDS) of the LAT 0.1 − 300 GeV
count rate lightcurve of PG 1553+113 from a 3◦ exposure-weighted aperture
photometry technique with 600-second time bins.

The less coherent 15 GHz lightcurve (5.7-years OVRO
data) shows a signal power peak at 1.9 ± 0.1 year, with an

additional power component at a 1.2-year timescale. Swift
XRT data show a factor of 5 variation linearly correlated with
the γ-ray flux, while the synchrotron peak frequency shows a
factor ∼ 6 increase during high X-ray states, as suggested by
Reimer et al. (2008).
The long-term X-ray count rate lightcurve from the Rossi-

XTE ASM instrument (1996 February 20 to 2010 September
11) and the Swift-BAT (from 2005 May 29) were also ana-
lyzed but do not show any signal above the low-frequency
noise, because of insufficient statistics.
An important diagnostic for multi-frequency periodicity

analysis is the discrete cross-correlation function (DCCF)
used with two independent and complementary approaches.
In the first procedure, flux variations are modeled assum-

ing a simple power law ∝ 1/fα (with f = 1/t) in the PDS
as measured directly from the lightcurve data, allowing us to
estimate the cross-correlations significance avoiding the as-
sumption of equal variability in all sources at the cost of a
model assumption (Max-Moerbeck et al. 2014). For the γ-ray
lightcurve with 20-day binning we obtain a best fit α = 0.8,
but the error is unconstrained, indicating that the length of
the data set is too short (i.e. below five cycles), relative to
the suspected periodic modulation, to enable a reliable data
characterization. The 45-day bin lightcurve yields a best fit
α = 0.1 with unconstrained error. The optical PSD is con-
strained: the best fit value is α = 1.85, with 1σ limits at
[1.75, 2.00]. The 15 GHz flux light curve a slope of α = 1.4,
with unconstrained limits on the α values as for the γ-ray data.
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• relatively easy to detect

• not deflected by magnetic fields

• high-energy particle propagation
• interstellar/intergalactic medium and fields

γ

γ

test Lorentz invariance
(cosmological distances)

• extreme astrophysical objects
• nuclear phenomena
• particle acceleration and interactions

• exotic sources?
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The Large Area Telescope

e+ e–

γ

DAQ

Hodoscopic CsI Calorimeter

(CAL)
➔ 1536 logs

➔ 8.5 r.l. on axis

Anticoincidence Detector (ACD)
➔ segmented

➔ 0.9997 MIP efficiency

Thermal Blanket

Precision Si-strip Tracker
+ W Converters

(TKR) :
➔ 12 planes 3% r.l. (FRONT)

➔ 4 planes 12% r.l. (BACK)
➔ 2 planes with no converter

➔0.9 M channels
➔ > 0.7 m2 active Si

Pair-tracking Telescope
1.8 m x 1.8 m x 0.72 m 
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Fermi LAT collab.  ApJS 224 2016 8A
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Fig. 14.— Comparison of radio spectal index, ↵, and GeV photon index, �. The expected

correlations are plotted for ⇡0 decay or e± bremsstrahlung (solid) and IC emission from

an electron population that is freshly accelerated (dashed) or cooled by radiative processes

(dotted). Emission via a combination of processes would fall between the lines (e.g. between

the solid and dashed for a combination of ⇡0 decay and IC emission). Symbols, colors, and

error bars are as in Figure 8; ticks along the right hand side show the 1 � 100 GeV photon

indices of those SNRs without reported radio spectral indices.

index measurement by Milne & Haynes (1994). This SNR is neither young nor a TeV source.

SNRs emitting via a combination of mechanisms under these simple assumptions would have

indices falling between the two index relations, that is, they would lie in the region spanned

by the ⇡0/bremsstrahlung (solid) and IC (dashed) lines.

The lack of an observed correlation between the indices as expected under these simple

assumptions suggests that more detailed physical models are required for the majority of

SNR candidates. The observed soft GeV spectra relative to the radio has several potential

explanations. The underlying leptonic and hadronic populations may have di↵erent PL in-

dices. The emitting particle populations may not follow a PL but may instead have breaks or

even di↵ering spectral shapes. Finally, there may be di↵erent zones with di↵erent properties

dominating the emission at di↵erent wavelengths.
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• emissivity spectrum in rings    
(H I line Doppler shift)

• intensity/spectral variations 

• challenge simple propagation 
models

Fermi LAT collab. ApJS 223 2016 26
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).

GALPROP
Fermi LAT collab. ApJ 750 2012  3A

DRAGON
Gaggero+ PhRvD 91 2015  083012
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CRs in the halo of the Milky Way
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Fermi-LAT observations of HVCs and IVCs L. Tibaldo

Figure 3: We compare for the three regions studied the emissivity scaling factors obtained from LAT data in
the 300 MeV to 10 GeV energy range (gray rectangles) with predictions from the models in [4] (curves). The
horizontal widths of the rectangles indicate the z brackets of target IVCs and HVCs, i.e., the range between
lower and upper limits on their altitudes [7]. The dark gray rectangles have vertical size corresponding to the
statistical uncertainties, while for the light gray rectangles the vertical size encompasses the combination of
statistical and systematic uncertainties. The emissivity of local gas is assigned to the range from z = 0 kpc to
z = 0.3 kpc (disk). The model curves from [4] were calculated for the line of sight indicated in the legend of
each panel, approximately corresponding to the column density peaks of the target complexes. The curves
are color-coded based on the maximum heights zmax of the CR confinement halo in the models.

The g-ray emissivities in the 300 MeV to 10 GeV energy range are a tracer of CR densities in
the energy range from ⇠3 GeV/nucleon to ⇠200 GeV/nucleon. We evaluated through the Kendall
correlation test that there is evidence at 97.5% c.l. that the emissivities, hence the CR densities,
decrease with increasing distance from the plane. This corroborates the notion that CRs in this
energy range are accelerated in the disk of the Milky Way and then propagate in its halo, for the
first time from directly tracing the CR densities in the halo itself.

In Fig. 3 we also compare the results to predictions from a set of CR propagation models based
on the GALPROP code [4]. The GALPROP input parameter with the largest impact on the vertical
gradient of CR densities is the maximum height of the confinement halo zmax. There is broad
agreement between emissivities derived from the LAT data and model predictions. In the context
of the models considered, the upper limit for the emissivity of the upper intermediate-velocity Arch
being 50% of the local value is pointing toward a zmax value smaller than some values proposed in
recent years ranging up to 10 kpc. The low measured emissivity seems to disfavor a large zmax as a
possible explanation for the CR gradient problem in the outer Galaxy [6].

We note, on the other hand, that the models considered in Fig. 3 are based on the assumption,
common in the literature, that the CR densities go to zero at the boundaries of the CR confinement
region, notably at an altitude of zmax above the disk. This could explain the differences in zmax with
respect to studies of radio synchrotron emission, e.g., [3], if a sizable fraction of the emission is
produced by interactions of CR electrons beyond the confinement region.

Some important caveats apply to Fig. 3. On one hand, the emissivities for HVCs and IVCs
may be overestimated due to the presence of sizable amounts of ionized gas or undetected DNM.

6

z

• high- and intermediate velocity clouds 
→ CR densities in the Galactic halo

• decrease with distance from disk at 
97.5% c.l.

• agreement with propagation models

• OK with B/C 10Be/9Be 
(confinement region: 4-6 kpc)

Tibaldo+  ApJ 807 2015  161
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FIG. 3. Constraints on the maximum γ-ray luminosity of the
CSP, Lmax, and the population averaged intensity at b = ±5◦,
ℓ = 0◦, and 2 GeV, Φ5, as derived from our wavelet analysis.
We show 68.7%, 95.4%, and 99.7% C.L. contours. We also
indicate the values of Φ5 where the source population can
explain 100% of the GCE (horizontal gray band, 95.4% CL),
and as vertical orange lines the luminosity of the brightest
observed nearby MSPs.

nonzero contribution from the CSP is favored at the
level of at least 10.0σ (when quoting the statistical sig-
nificance, we conservatively take into account bins with
S < 5 only, which are most affected by a dim source
population, and least affected by the masking of 3FGL
sources [see the Supplemental Material for details]). The
best-fit value for the total differential intensity is Φ5 =
(9.0± 1.9)× 10−7 GeV−1cm−2s−1sr−1 and for the max-
imum luminosity Lmax = (7.0 ± 1.0)× 1034 erg s−1. As
can be seen in Fig. 2, we obtain in this case a very good
fit to the data.
Our preferred range of the maximum γ-ray luminosi-

ties reaches up to Lmax ≤ 1.04× 1035 erg s−1 (at 95.4%
C.L), which is compatible with observations of nearby
MSPs. We illustrate this by showing in Fig. 3 the γ-ray
luminosity of the brightest individually observed nearby
MSPs as given in Ref. [35] (we only show objects where
second γ-ray pulsar catalog [33] distances are available;
see Ref. [25] for a detailed discussion about distance un-
certainties). Furthermore, for the adopted slope of the
luminosity function, α = 1.5, the best-fit value for the
total differential intensity of the CSP Φ5 is consistent
with the CSP accounting for 100% of the GCE emission.

Discussion and conclusions. We found corroborating
evidence for the hypothesis that the GCE is caused by
a hitherto undetected population of MSP-like sources.
We performed a wavelet transform of the γ-ray emission
from the Inner Galaxy, which removes Galactic diffuse
emission and enhances point sources, and we studied the

statistics of the peaks in this transform. We detected
with 10.0σ significance a suppression (enhancement) of
low- (high-) significance wavelet peaks, relative to the
expectations for purely diffuse emission. We showed that
this effect is caused by the presence of a large number
of dim point sources. The spatial distribution of wavelet
peaks in the Inner Galaxy is compatible with a centrally
peaked source distribution, and the inferred cutoff of the
γ-ray luminosity function of these sources agrees with the
observation of nearby MSPs. This source population can,
for reasonable slopes of the luminosity function, account
for 100% of the GCE emission.
For the purpose of this Letter, which introduces a novel

technique, we kept our analysis as simple as possible.
In general, one might worry that our results could be
affected by the presence of extragalactic and Galactic
sources, by the thick-disk population of MSPs and young
pulsars, by the details of masking and unmasking 3FGL
sources, by the details of the adopted γ-ray luminosity
function, and by unmodeled substructure in the Galac-
tic diffuse emission that is not removed by the wavelet
transform. We address all of these points in the Supple-
mental Material and show that it is rather unlikely that
they affect our results qualitatively, although quantita-
tive changes in the obtained best-fit values for Φ5 and
Lmax are possible. In particular, we showed that the
wavelet signal expected from the thick-disk population
of MSPs is an order of magnitude weaker than what we
actually observed and that interpretations related to un-
modeled gas remain on closer inspection unlikely.
The prospects for fully establishing the MSP interpre-

tation within the coming decade are very good. Our re-
sults suggested that upcoming γ-ray observations with
improved angular resolution (planned or proposed γ-
ray satellites like GAMMA-400 [43], ASTROGAM, and
PANGU [44]) will allow us to detect many more of the
bulge sources and study their distribution and spectra.
For current radio instruments, it remains rather chal-
lenging to detect a MSP population in the bulge [25],
but prospects for next-generation instruments are good.
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of a GRAPPA-Ph.D. program funded by NWO. Part
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Physics, which is supported by National Science Foun-
dation Grant No. PHY-1066293.
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-

Daylan+ PDU 12 (2016) 1D

• residual emission near the Galactic 
center peaking at few GeV

• spherical or bipolar?

• low/high-energy shape of 
spectrum uncertain

• origin

• DM annihilation?

• poorly modeled interstellar 
emission?

• Fermi bubbles?

• unresolved sources (ms pulsars)?
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TABLE 3
Parameters of classical novae detected by the Fermi-LAT

Nova Distance Duration Fluence Number of photons Total energy
(kpc) (days) (photons cm�2) (1045) (1042 erg)

V1324 Sco 2012 4.5 17 0.72 ± 0.04 1.77 ± 0.40 1.27 ± 0.29
V959 Mon 2012 3.6 22 0.79 ± 0.12 1.23 ± 0.39 0.67 ± 0.21
V339 Del 2013 4.2 27 0.45 ± 0.07 0.96 ± 0.27 0.57 ± 0.16
V1369 Cen 2013 2.5 39 0.71 ± 0.14 0.54 ± 0.24 0.30 ± 0.13
V5668 Sgr 2015 2.0 55 0.52 ± 0.11 0.25 ± 0.14 0.12 ± 0.07

Notes. Durations of the >100MeV �-ray emission, fluences, total number of photons, and total energy emitted by classical novae as
derived from LAT data analysis. For the three previously detected classical novae, the distances adopted were taken from Ackermann et
al. (2014). The 1� uncertainties of the total number of photons and total energies take into account an adopted uncertainty of 0.5 kpc for
all the distances.

Fig. 5.— For the five classical novae with reported Fermi-LAT detections (thus excluding the symbiotic-like recurrent nova V407 Cyg), the
total number of >100MeV �-ray photons emitted (left panel) and total emitted energies (right panel) are plotted versus the LAT-measured
�-ray durations.

motivate continuum emission searches with INTEGRAL
(Winkler et al. 2003) and ASTRO-H (Takahashi et al.
2012; Coppi et al. 2014) at later times than so far con-
sidered for the nuclear decay emission.

4. CONCLUSIONS

The newly reported >100MeV �-ray detections of
V1369 Cen and V5668 Sgr add to the four previously
detected novae by the Fermi -LAT. These recent detec-
tions may be revealing a wider diversity in �-ray proper-
ties, being fainter and seemingly characterized by longer
total durations. Further serendipitous and targeted �-
ray detections through the continued Fermi mission,
as well as studies of non-LAT detected novae (Cheung
2012; Franckowiak et al. 2015) could further broaden the
range of observed �-ray properties. While observation-
ally based scenarios have been developed for symbiotic
systems (Tatische↵ & Hernanz 2007), and V407 Cyg in
particular (Abdo et al. 2010; Chomiuk et al. 2012; Nel-
son et al. 2012; Orlando & Drake 2012; Martin & Dubus
2013; Pan et al. 2015), understanding the particle ac-
celeration revealed in the classical novae is still an open
problem. Thus future Fermi -LAT observations of novae
(where deep pointed observations are imperative to study
the brightest �-ray emitting novae in detail) can be ex-
ploited with multi-wavelength observations and modeling
to test scenarios for how, when, and where the putative
shocks are generated, e.g., in internal shocks or strong

turbulence driven in the ejecta (Ackermann et al. 2014)
or in wind-wind interactions (Chomiuk et al. 2014), and
can implicate the underlying �-ray emission mechanism
(see e.g., Metzger et al. 2015).
At the highest energies, one can anticipate very high

energy (VHE; >0.1TeV) emission as well as a transient
neutrino signal in the pion-decay scenario for symbiotic
novae (Razzaque et al. 2010; Aliu et al. 2012; Bednarek
2013) and for classical novae (Ahnen et al. 2015; Met-
zger et al. 2016). Amongst the recurrent novae with
shorter recurrence times (Schaefer 2010), we may antic-
ipate an explosion from RS Oph during the Fermi mis-
sion and in the era of the upcoming Cherenkov Telescope
Array. Naively scaling by distance, we may expect the
even more nearby system, T CrB (D ⇠0.8 kpc), to pro-
duce an order of magnitude brighter GeV source than
V407 Cyg (D ⇠2.7 kpc), with emission extending below
MeV and up to VHE energies. Any particularly nearby,
D <

⇠

1�2 kpc, classical nova in the future will provide
a useful contrasting case to the symbiotic/recurrent sys-
tems.
With the study of novae now expanded into the �-ray

regime, the words of Payne-Gaposchkin (1957, pg. VII)
ring even more true today, “I have become convinced
that the whole nova phenomenon must be studied; the
variations of total light and continuum, of radial velocity,
and of the intensities and profiles of absorption and emis-
sion lines must be seen as connected parts of one phys-

Cheung+ ApJ 826 2016 142C

Fermi LAT collab.  Science 345 2014 554A

• > 100 MeV detections for 1 symbiotic + 
5 classical novae

• particle acceleration mechanism unclear
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Fig. 3. Fermi-LAT >100 MeV average �-ray spectra of the four novae over the full 17�27 day
durations. Vertical bars indicate 1� uncertainties for data points with significances > 2�; oth-
erwise, arrows indicate 2� limits. The best-fit hadronic and leptonic model curves are overlaid.
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A state-change in a γ-ray pulsar

• PSR J2021+4026: 
simultaneous flux/
spindown change

• reconfiguration of 
magnetosphere?

• new state change in 
2015
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