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«  5°x 5° field of view 
«  ~50 GeV – 100 TeV 
«  0.1° angular resolution 
«  10-15% energy resolution 
«  Large background : Fov-scale diffuse emission very difficult 

Khomas highlands, Namibia 
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HESS observes a variety of sources 
↝ Galactic : supernova remnants, pulsars, … 
↝ Diffuse emission 
↝  Extragalactic : blazars, starburst galaxies 
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See related talks by G. Puehlhofer, F. Aharonian, F. Brun  



«  Searches for WIMP dark matter 
↝ Galactic center 
↝ Dwarf galaxies 
↝  Search for lines 

«  Measurement of the extragalactic diffuse light 
«  Axions from mixing w/ photons around AGNs 
«  Tests of Lorentz invariance 
«  Cosmic ray spectra 
«  … 
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Will focus on new results 



DM is required to understand results from cosmological probes 
 e.g. CMB anisotropies/structure formation 
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Same Universe 
≠ epochs 

CMB very homogeneous : 

a(tCMB)=1 
a(tgalaxies)=103 

Blanton et al., 2003, astro-ph/0210215 

� 84% of non baryonic dark matter 

Standard Model 
photon 

New symmetries WIMP candidate 

Primordial self-annihilations regulate cosmological density 

CMB : �⇢/⇢ = 10�5

�⇢/⇢ / a(t)

9 galaxies : �⇢/⇢� 1



«  DM particle collisions produce standard particles 
↝ Quarks, leptons, gauge bosons 

«  Standard particles produced at high energy 
↝  Further decay and hadronization 

Mass ⬄ momentum 

Include photons with 
energy ~DM mass 
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•  Galactic center 
•  Galactic halo 
•  Clumps with baryons (dwarf galaxies) 
•  Bare clumps 

�DM = N�(E)
h�vi
m2

1

4⇡D2

Z

V
dV

⇢2

2
Efficiency of g ray production 

in WIMP collisions 

Solid angle factor 
Number of collisions within the 

observed target 
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«  10 years of observations, powerful central source 

 
«  Not dark matter dominated emission : 
↝  2006 : central source not dark matter 
↝  2011 : constraints from halo 
↝  2008, 2011 : limits on IMBHs & clumps 
↝  2015 : limits from halo w/ cored profile 
↝  2016 : improved limits from halo 
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H.E.S.S. Collab., Nature 531, 476 (2016) 

H.E.S.S. Collab., PRL 97, 221102 

H.E.S.S. Collab., PRL 106, 161301 

H.E.S.S. Collab., PRD 78, 072008 
P.B. et al., PRD 83, 015003  

H.E.S.S. Collab., PRL 114, 081301 



«  Most advanced analysis 
↝ Halo, w/ morphological & spectral likelihood 

«  Best limits w/ ground telescopes, submitted to PRL 

9 P. Brun, Ischia, July 2016 

8

Supplemental Material: Search for a Dark Matter annihilation signal
towards the inner Galactic center halo with H.E.S.S.

Background measurement technique

The background measurement is done for each pointing position of the GC observations with the H.E.S.S. instru-
ment. The background is measured in an OFF region taken symmetrically to the ON region from the pointing positon
as in Ref. [10]. This allows for a determination of the expected background in the ON region from a measurement in
the OFF region taken under the same conditions as for the signal measurement in the ON region. By construction,
the ON and OFF regions have the same angular size. Fig. 3 shows a schematic of the background measurement
technique. For a pointing position inside the ON region, the region which intersects the ON and the OFF regions is
excluded.

Excluded	regions	

OFF	region	

ON	region	

Poin3ng	posi3on	

Reflected	posi3on	

Sgr	A*	
G0.9+0.1	

HESS	J1745-303	

FIG. 3: Schematic of the background measurement technique for a single pointing position. The OFF region (red-filled open
ring) is taken symmetrically to the ON region (blue-filled open ring) from the observational pointing position (black cross).
By construction, ON and OFF regions have the same angular size. The positions of Sgr A* (black star), G0.9+0.1 (black dot)
and HESS J1745-303 (black triangle) are shown. The yellow-filled box with Galactic latitudes from -0.3� to +0.3� and the
yellow-filled disc are excluded for signal and background measurements.

J-factor

The regions of interest consist of seven annuli of 0.1� width and centered at the GC, with inner radii from 0.3� to
0.9�. A band from Galactic latitudes b = �0.3� to b = +0.3� is excluded along the Galactic plane. Table I provides
the inner and outer radii of the RoIs together with their angular size and J-factor values for Einasto and NFW profiles.

Expected limit computation

The expected limit in the inner GC region is calculated from H.E.S.S. observations in high-Galactic-latitude (|b| >

10�) fields where all the H.E.S.S. sources are excluded. For each observational run of the GC dataset, the expected
background is selected from the blank-field-observation database for the observational conditions of the run, which
defines the mean expected background. A Poisson realization from the mean expected background is calculated for

Dark matter in the inner GC halo with H.E.S.S. V. Lefranc1

Figure 1: The Galactic Center region viewed by the phase-I H.E.S.S. instrument: the sky map shows the
gamma-ray excess map in Galactic coordinates from 254 live hours. The RoI is shown as a green circle from
which Galactic latitudes |b|<0.3� (red box) are excluded to avoid background contamination from detected
sources [4, 5, 3, 7] and diffuse emission [6].

is from an annulus of inner and outer radii of 1� and 1.5�, respectively, hereafter referred to as the
OFF region. The normalization of the background accounts for acceptance gradients between the
ON and OFF regions.

2.2 Dark matter annihilation flux

The differential g-ray flux due to annihilation of self-conjugated DM particles of mass mDM in
a solid angle dW, is given by:

dFP
g

dWdEg
=

1
8p

m2
DMJ(q)Â

f
hsvi f

dN f
g

dEg
(Eg) , J(q) =

Z

l.o.s.
ds r2(r(s,q)) (2.1)

where hsvi f is the thermally-averaged velocity-weighted annihilation cross section and dN f
g /dEg

is the energy spectrum of photons per annihilation in the channel with final state f , respectively.
The coordinate r is measured from the GC, and can expressed as r(s,q)= (r2

�+s2�2r�scosq)1/2,
where s is the distance along the line of sight (l.o.s.) and q is the angle between the l.o.s. and the
direction towards the GC, and r� = 8.5 kpc is the distance of the Sun ot the GC. The function J(q),
commonly referred to as the J-factor, is the l.o.s. integral of the square of the DM density r . In
this analysis, this density is assumed to follow an Einasto profile, parametrized by:

r(r) = rs exp

� 2

as

✓⇣ r
rs

⌘as
�1

◆�
. (2.2)

The parameters (rs,as,rs) are extracted from Ref. [1]. The g-ray spectrum from DM annihilation
in a channel f is computed by using the tools available from Ref. [8].

3

V. Lefranc, ICRC 2015 



10 P. Brun, Ischia, July 2016 

6

 (TeV)DMm
0.05 0.1 0.2 1 2 3 4 5 10 20 30

)
-1 s3

  (
cm

〉
 v

σ〈

-2710

-2610

-2510

-2410

-2310

-2210

Observed, this work
Expected
68% Containment
95% Containment
H.E.S.S 112h (2011)

Thermal relic density

-W+ W→254h, DM DM 
Einasto profile

 (TeV)DMm
0.05 0.1 0.2 1 2 3 4 5 10 20 30

)
-1 s3

  (
cm

〉
 v

σ〈
-2710

-2610

-2510

-2410

-2310

-2210

Observed, this work
Expected
68% Containment
95% Containment

Thermal relic density

-τ+τ →254h, DM DM 
Einasto profile

FIG. 1: Constraints on the velocity-weighed annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from 10 years of observations of the inner 300 pc of the GC region with H.E.S.S. The constraints for the bb̄, tt̄
and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95% C. L. upper limits
as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations are obtained from 1000
Poisson realizations of the background measured in blank-field observations at high Galactic latitudes. The mean expected
limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment bands are shown.
The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time) of GC observations
by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted annihilation cross
section (natural scale).
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FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighed annihilation cross section h�vi.
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�

channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [27] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [26] (brown
line).

[19] M. Ackermann et al. (Fermi-LAT Collaboration), Astro- phys.J. 750, 3 (2012), 1202.4039.
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The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time) of GC observations
by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted annihilation cross
section (natural scale).
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15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [27] (green line), the limits from 157 hours of observations of
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[19] M. Ackermann et al. (Fermi-LAT Collaboration), Astro- phys.J. 750, 3 (2012), 1202.4039.
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Background UV/IR photons 
10-3!1! 10-2!10-1!10! 10-4!

EBL 

CMB 

TeV γ absorption 

Energy (eV)
-510 -410 -310 -210 -110 1

-110

1

10

 m)µ  (λWavelength 
-110 1 10 210 310 410 510

-1
sr

-2
W

 m

-1010

-910

-810

-710

-610

Pair production induces a gamma-ray 
horizon                at                     z ' 0.1 1 TeV

H
. D

ole et al., A
&

A
 2006 



12 P. Brun, Ischia, July 2016 

e+

e�

F
l
u
x

Energy

Source

Absorbed

1 TeV

12 

�
observed

= �
source

⇥ exp(�⌧)



Assuming a SED, fit of the background photon density 
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H.E.S.S. collaboration: The EBL imprint on H.E.S.S. spectra

normalization in the redshift range probed is therefore neglected
in the following sections.

Given the limited amount of data, the deviations from the
best fit EBL normalization α0 = 1.27+0.18−0.15 can hardly be investi-
gated at the single data set level. For the three above-mentioned
groups of sources, the total number of measured events in each
energy bin (Nmes) is scaled to the expected number of events
from the intrinsic spectra (Nth, α=0). This ratio is compared in
Fig. 4 to the best fit model for the three average redshifts of
0.051, 0.116, and 0.17. Abrupt changes in the amplitude of the
statistical uncertainties (e.g. around 1 TeV for the low redshift
group: Mrk 421 / PKS 2005-489) are inherent to the grouping of
data sets that cover different energy ranges (e.g. the data sets on
Mrk 421 start at ∼ 1 TeV).

Energy [TeV]
1 10

 =
 0

α
th

, 
 / 

N
m

es
N

0

0.2

0.4

0.6

0.8

1
PKS 2005-489 / Mrk 421
PKS 2155-304
1ES 0229+200 / H 2356-309
1ES 1101-232 / 1ES 0347-121

Fig. 4. Observed number of γ-rays over number of events ex-
pected from the intrinsic spectra vs γ-ray energy. The data sets
are grouped by similar redshift and the detected and expected
numbers of γ-rays are summed in each energy bin. The best fit
EBL absorption is represented by the solid lines for the three
redshifts corresponding to the groups of data sets and the shaded
areas correspond to the ±1σ best fit EBL normalization.

3.3. Systematic uncertainty

An extensive investigation was undertaken of the systematic un-
certainties arising from the method. Four sources of systematic
uncertainties on the EBL optical depth normalization were iden-
tified: the analysis chain (background rejection, spectral anal-
ysis), the choice of intrinsic models and of the EBL template,
as well as the limited knowledge of the energy scale due to the
atmosphere. These systematic uncertainties are summarized in
Table 4 and detailed in Appendix A.

The total systematic is estimated as σsys(α0) = 0.25 and is
comparable to the statistical uncertainty on the normalized EBL
optical depth α0 = 1.27+0.18−0.15 stat.

Sources of systematics Estimated systematics
Analysis chain 0.21
Intrinsic model 0.10
EBL model 0.06
Energy scale 0.05

Total 0.25
Table 4. Sources of systematics and estimated uncertainties
on the normalized EBL optical depth α0 = 1.27+0.18−0.15 stat. A
full discussion of the systematic uncertainties can be found in
Appendix A.

4. Discussion
The measurement of the EBL optical depth can be converted to
an EBL flux density, but particular attention must be paid to the
wavelength range covered.

A γ-ray of energy E∗ and an EBL photon of energy ϵ∗ tend
to produce an electron-positron pair mostly for E∗ϵ∗ = (2mec2)2
(peak of the cross section, see, e.g., Jauch & Rohrlich 1976). The
interaction can occur anywhere along the path of the γ-ray from
the source and the relation for the EBL wavelength becomes, in
the observer frame,

(λEBL/1 µm) = 1.187 × (E/1 TeV) × (1 + z′)2 (2)

with z′ < z, where z is the redshift of the source and where E is
the γ-ray energy in the observer frame. To derive this relation be-
tween the EBL wavelength and the γ-ray energy, the width of the
pair-creation cross-section as a function of energy is neglected.
Taking it into account would result in an even wider wavelength
coverage for a given γ-ray energy range.

The detection of an EBL flux density scaled up by a factor
α0 = 1.27+0.18−0.15 stat±0.25sys is then valid in the overlap of the data-
set energy ranges [(1 + z)2Emin, Emax], where the factor (1 + z)2
accounts for the redshift dependency in Eq.(2). The measure-
ment that is derived with all data sets is shown by the filled area
in Fig. 5 in the wavelength range [1.2, 5.5] µm, where 1.2 µm
(resp. 5.5 µm) is the counterpart of the low (resp. high) energy
bound of the Mrk 421 (resp. PKS 2155-304) data sets, as shown
in Table 5.

To probe a wider wavelength range and to ensure the consis-
tency of the modelling below and above ∼ 1 µm, the TSs of data
sets with comparable energy ranges were combined. Low EBL-
wavelengths between 0.30 and 5.5 µm were studied with the
combination of the 1ES 0347-121 data set and the six PKS 2155-
304 data sets (1, 2, 4, 5, 6, 7) while the large EBL-wavelengths
between 1.2 and 17 µm were probed by the 1ES 1101-232,
1ES 0229+200, PKS 2005-489, Mrk 421, H 2356-309 data sets,
and the two PKS 2155-304 data sets (3, 2008), all described in
Table 5. The normalized EBL optical depth measured in the var-
ious wavelength ranges and the corresponding EBL flux density
are given in Table 6.

The 1σ (statistical) contours of the EBL flux density for
these two wavelength ranges and for the combination are com-
pared in Fig. 5 to other measurements and limits. The first peak
of the EBL flux density, the COB, is entirely constrained by the
low and the high energy data sets. The systematic uncertainty is
quadratically added to the statistical uncertainty on the measure-
ment with the full data set in the intermediate wavelength range,
and to uncertainties on the low and high energymeasurements in
the extended ranges. The statistical uncertainties remain domi-
nant around 10 µm. In the UV to NIR domain, the systematic un-
certainties, which are propagated from the optical depth normal-
ization to the flux density as a single normalization factor, make

6
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Data set z Emin − Emax λmin − λmax
[TeV] [µm]

Mrk 421 (1) 0.031 0.95 − 41 1.2 − 49
Mrk 421 (2) 0.031 0.95 − 37 1.2 − 44
Mrk 421 (3) 0.031 0.95 − 45 1.2 − 53
PKS 2005-489 (1) 0.071 0.16 − 37 0.22 − 44
PKS 2005-489 (2) 0.071 0.18 − 25 0.25 − 30
PKS 2155-304 (2008) 0.116 0.13 − 19 0.30 − 23
PKS 2155-304 (1) 0.116 0.13 − 5.7 0.19 − 6.8
PKS 2155-304 (2) 0.116 0.13 − 9.3 0.19 − 11
PKS 2155-304 (3) 0.116 0.13 − 14 0.19 − 17
PKS 2155-304 (4) 0.116 0.18 − 4.6 0.19 − 5.5
PKS 2155-304 (5) 0.116 0.13 − 5.7 0.27 − 6.8
PKS 2155-304 (6) 0.116 0.15 − 5.7 0.19 − 6.8
PKS 2155-304 (7) 0.116 0.20 − 7.6 0.22 − 9.0
1ES 0229+200 0.14 0.29 − 25 0.45 − 30
H 2356-309 0.165 0.11 − 34 0.18 − 40
1ES 1101-232 0.186 0.12 − 23 0.20 − 27
1ES 0347-121 0.188 0.13 − 11 0.22 − 13

Table 5. EBL wavelength range probed by the data sets used in
this study. The redshifts of the sources are given in column 2.
The energy range of the spectra (in TeV) is given in column 3,
and the EBL wavelengths probed with the subsets are given in
column 4, where only the peak of the pair-creation cross-section
is taken into account.

a non-negligible contribution to the width of the contour. The de-
tailed study of the dependence of the systematic uncertainties on
the wavelength, based e.g. on deviations from the EBL template
model, is beyond the scope of this paper but the comparison of
various modellings in a complementary redshift band and wave-
length range by The Fermi-LAT Collaboration (2012) supports
our choice of template.
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Fig. 5. Flux density of the extragalactic background light ver-
sus wavelength. The 1σ (statistical) contours derived for several
energy ranges are described in the top-right legend. The sys-
tematic uncertainty is added quadratically to the statistical one
to derive the H.E.S.S. contour. Lower limits based on galaxy
counts and direct measurements are respectively shown with
empty upward and filled downward pointing triangles (extracted
from Gilmore et al. 2012). The region excluded by Meyer et al.
(2012) with VHE spectra is represented by the dashed area.

τmeasured/τFR08 λmin – λmax λFλ(λmin) – λFλ(λmax)
µm nW m−2 sr−1

1.27+0.18−0.15 1.2 – 5.5 14.8+2.1−1.7 – 4.0+0.6−0.5

1.34+0.19−0.17 0.30 – 5.5 3.1 ± 0.4 – 4.2+0.6−0.5

1.05+0.32−0.28 1.2 – 17 12.2+3.7−3.3 – 3.2+1.0−0.8

Table 6.Measured normalization of the EBL optical depth, cor-
responding to the 1σ (statistical) contours shown in Fig. 5. The
second column indicates the wavelength range where this mea-
surement is valid and the third column the corresponding flux
densities. The first line corresponds to the full data set. The sec-
ond and third lines indicate the value derived with smaller data
sets focussed on specific energy ranges. The systematic uncer-
tainty on the measurements listed in the first column is 0.25.

The contours lie in between the constraints derived with
galaxy counts and the direct measurements. A good agreement
with the VHE upper limit derived by Meyer et al. (2012) is also
found over the wavelength range covered, with a maximum dis-
crepancy between 1 and 2 µm smaller than the 1σ level. The
analysis performed enables a measurement of the COB peak flux
density of λFλ = 15.0+2.1−1.8 ± 2.8sys nWm−2 sr−1 at 1.4 µm, where
the peak value and uncertainties are derived by scaling up the
FR08 EBL flux density by a factor α0. This value is compatible
with the previous constraints on the EBL flux density derived
with H.E.S.S. data by Aharonian et al. (2006c).

5. Summary and conclusion
The spectra of the brightest blazars detected by H.E.S.S. were in-
vestigated for an EBL absorption signature. Assuming intrinsic
spectral smoothness, the intrinsic spectral curvature was care-
fully disentangled from the EBL absorption effect. The EBL
imprint is detected at an 8.8σ level, which constitutes the first
measurement of the EBL optical depth using VHE γ-rays. The
EBL flux density has been evaluated over almost two decades
of wavelengths with a peak amplitude at 1.4 µm of λFλ =
15 ± 2sys ± 3sys nW m−2 sr−1, in between direct measurements
and lower limits derived with galaxy counts.

The low energy threshold achieved with the upgrade of the
H.E.S.S. array, H.E.S.S. II, will enable the observation of the
unabsorbed population of γ-rays and improve the constraints
on the intrinsic spectra and thus on the absorption feature. The
trough between the COB and the CIB will be characterized by
the Cherenkov Telescope Array (CTA, Actis et al. 2011) which
will probe energies above 50 TeV. Finally, the increasing size
of the sample of blazars detected at very high energies will im-
prove the constraints on the redshift dependence of the EBL and
establish a firm observational probe of the thermal history of the
Universe.
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«  With minimal assumptions on the EBL SED 

«  Essential step to search for second-order effects 
↝ Cascade & primordial magnetic fields 
↝ Axions (now searched for by other means) 

↝  Lorentz invariance violation 
14 P. Brun, Ischia, July 2016 

Determination of the EBL SED with H.E.S.S. Matthias Lorentz

on the grid as in [11, 12]. All tested shapes comply with the strict lower limits from galaxy counts
(see references in [13, 3]), while the maximum is set relatively high over current upper limits in
order to be conservative. Two shifted grids against each other are used to reduce the constraints on
shapes imposed by the positions of the knots. Each shape is used to fit the data and is associated
to a goodness-of-fit estimator in the form of a c2. The range covered by the grids covers the range
of H.E.S.S. g-ray absorption sensitivity (⇠ 100 GeV - 20 TeV). In total 116,640 EBL shapes were
tested.

Figure 1: Grid setup to construct EBL shapes. The black and grey dots are the knots for the two shifted
grids. Also shown are lower limits from galaxy counts in green, upper limits from direct measurements in
red extracted from [3], [13]. The dotted curve is the reference local EBL from the model of [4].

For each spectrum, a fit with EBL absorption is performed considering every shape i of the
two grids, Fobs(Eg) = Fint(Eg)e�ti(Eg ,zs). The intrinsic (de-absorbed) VHE spectra are fitted with
a power law and a log parabola, the best fit of which is selected considering the lower c2. Further
improvements of the analysis will include consideration of other spectral shapes. The optical depth
depends not only on the local z = 0 EBL density, but also on its evolution with redshift. This
intrinsic evolution of the EBL is usually taken into account by introducing an additional scaling
index to the cosmological photon density in the form of (1+ z) fevol , with fevol ranging from 1.2
to 1.7 [12, 13]. Another approach is used here by taking the ratio of the density at redshift z to
the density at redshift z = 0 from the model of [4]. It was checked that this does not introduce a
strong model-dependence since a comparison with a fixed scaling index did not yield significant
differences. Further improvements of the analysis will include different hypotheses.

3.2 Combination of several spectra

At first approximation, the EBL photon field should be essentially identical to all sources [14].

4

Determination of the EBL SED with H.E.S.S. Matthias Lorentz

Since each source provides a different combination of redshift and energy range, the results from
the spectra of different sources can be combined to determine the EBL in a more significant way
than using a single spectrum and over a wider range of energy, as a collective signature of EBL
absorption.

For each data set the envelope of all z = 0 EBL shapes inside the c2
min +1 interval is retrieved.

This envelope is considered as a 1�s statistical contour of an actual measurement of the EBL
SED. Note that this measurement is made at specific wavelengths defined by the grid spacing.
The combination of the measurements from each data set is done as a combination of c2 from
independent measurements. This way, the combined central value for each wavelength is the result
of the average of the measurements from each data set weighted by the corresponding 1�s values.

4. Results and discussion

The result of this preliminary work to access the EBL shape is summarized in Fig. 2. In that
figure, the grey area shows the combined best-fit EBL SED shape from all considered data sets,
compared to previous measurements and constraints, as well as the fiducial model of [4]. In order to
be conservative the wavelength range presented here have been restricted to match the pair creation
threshold with the lowest of the last points in energy from our data sample, i.e 6.5 TeV. Considering
the highest points of the data sample would lead to a further coverage in the infrared.

Figure 2: Preliminary result of this work together with previous results, limits and the model of [4]
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«  Lorentz invariance breaking in photon sector 

«  Would induce energy-dependent time lags 
«  Here another approach : threshold distortions 

2014 flare of Mrk 501 
z = 0.034 

15 P. Brun, Ischia, July 2016 
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3.2 Mrk 501

Mrk 501 is a well known AGN at redshift z = 0.034 which belongs to the class of blazars, i.e.
with its relativistic jet closely aligned to our line of sight. It is known to be highly variable from radio
to VHE � rays and is referred to as a high-frequency-peaked blazar with a flux-dependent spectral
hardening observed during flaring states. Its spectral characteristics and its relatively low redshift
allow for the detection of among the most energetic extragalactic � rays, making this source ideal
to investigate LIV through spectral studies as it has already been done [6] [10] with the historically
highest VHE flux recorded in 1997 by the HEGRA [14] and CAT [13] telescopes.
3.3 Flare data set

The 2014 H.E.S.S. observations of Mrk 501 were triggered following high fluxes reported by the
FACT collaboration. Observations taken during the night of June 23-24 2014 (MJD 56831-56832)
revealed an exceptional flare with highest fluxes of Mrk 501 ever recorded by H.E.S.S. [11]. These
observations were performed with full array of all five telescopes, however for this study requiring
optimal sensitivity at highest energies, data from the central large telescope are not essential. The
mean zenith angle of observations was ⇠ 63�. The Model analysis with loose cuts [16] was performed
leading to an excess of more than 1200 photons with a ⇠ 67� significance for the 2 hours of observa-
tions taken that night. Spectral analysis was performed using the forward folding technique described
in [17]. The spectrum, extending significantly up to ⇠ 20 TeV, is well fitted (�2/n.d.f = 8.5/8) by
a simple EBL-absorbed power law using the EBL model of [3]. There is no evidence for intrinsic
curvature nor cut-o↵. The fitted intrinsic spectral parameters read

d�int

dE
= (1.68 ± 0.16) ⇥ 10�6

✓ E
1 TeV

◆�2.15±0.06
m�2 s�1 TeV�1. (4)

Figure 1. Energy spectrum of Mrk 501 obtained from the H.E.S.S. phase-I analysis of the 2014 flare data. The
fitted EBL-absorbed power law for the standard case is showed by the solid line, as well with the corresponding
1�� confidence band. For comparison the same intrinsic power law with modified EBL absorption due to linear
Planck scale perturbations is represented by the dashed line.
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Planck scale excluded for linear term 
Best limit for quadratic term 
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4 Results and discussion
The maximum likelihood forward folding method for spectrum determination is performed as-

suming an intrinsic power law absorbed with the EBL model of [3]. The optical depths are computed
considering modifications due to LIV as explained in Sec. 2. Values of ELIV are scanned logarithmi-
cally in the range of interest for linear (n=1) and quadratic (n=2) scenarios. Log-likelihood profiles
for both cases are shown in Fig. 2. As the data show no evidence for a high-energy upturn, the fit
prefers LIV-free optical depth values. Indeed log-likelihood values reach plateaus corresponding to
the standard case with no deviations from Lorentz symmetry in both cases. This allows to compute
exclusion limits on ELIV, as summarized in Tab. 1.

(a) Linear case (b) Quadratic case

Figure 2. Log-likelihood profiles and corresponding 95% confidence level (CL) exclusion limits for the ELIV

scan in the linear (left) and quadratic (right) case. Also showed are the best limits obtained with the method of
energy-dependent time delays with AGNs [18] and GRBs [19].

2 � 3 � 5 �
n=1 2.8 ⇥ 1028 eV (2.29 ⇥ EPlanck) 1.9 ⇥ 1028 eV (1.6 ⇥ EPlanck) 1.04 ⇥ 1028 eV (0.86 ⇥ EPlanck)
n=2 7.5 ⇥ 1020 eV 6.4 ⇥ 1020 eV 4.7 ⇥ 1020 eV

Table 1. Exclusion limits on ELIV obtained from the profiles of Fig. 2

For the linear case, the 95 % CL limit is at 2.8⇥1028 eV (at ⇠ 2.3⇥EPlanck), one order of magnitude
above the current best limit using timelags for AGNs [18], and below the best limit obtained with
GRBs [19]. The 5-� exclusion is at 1.044 ⇥ 1028 eV (0.86 ⇥ EPlanck) and EPlanck is excluded at the 4.5
� level. For the quadratic case the 95 % CL limit is at 7.5 ⇥ 1020 eV, more than 6 times above current
best timelag limits with AGNs and GRBs. The 5-� exclusion is at 4.7 ⇥ 1020 eV. These are the best
current exclusion limits in the quadratic case.
These strong constraints naturally come from the exceptional spectrum of the 2014 flare data-set
where the power law intrinsic emission extends up to 20 TeV.
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«  Combined dwarf-galaxy dark matter search 

«  Dark matter lines 

«  Lorentz invariance w/ time lags 
↝  PKS 2155-304 

↝  PG 1553 

↝ Vela pulsar  

«  Axion-like particles 

«  Microscopic black holes 

«  Electron spectrum 
17 P. Brun, Ischia, July 2016 

Update & Fermi hot spot : Submitted, M. Kieffer ICRC 2015 
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Expect an update soon ! 
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Still a lot  
more soon ! 


