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Abstract
We report on the search for spectral irregularities induced by oscillations between photons and
axion-like particles (ALPs) in the 7-ray spectrum of NGC 1275, the central galaxy of the Perseus
cluster. Using six years of Fermi Large Area Telescope data, we find no evidence for ALPs and
exclude couplings above 5 x 10712 GeV~! for ALP masses 0.5 < m, < 5neV at 95% confidence.
The limits are competitive with the sensitivity of planned laboratory experiments, and, together
with other bounds, strongly constrain the possibility that ALPs can reduce the «-ray opacity of

the Universe.



10 INTRODUCTION

o Axions and axion-like particles (ALPs) are predicted by a variety of extensions of the
w Standard Model [1-6]. If produced non-thermally in the early Universe, these particles may
2 account for all or a significant fraction of the cold dark matter (DM) [e.g. 7-9], and could
us be detected through their coupling to photons in magnetic fields [10]. While the axion mass
ua is proportional to its coupling to photons, these two parameters are independent in the case

115 Of ALPS

us  Photon-ALP interactions could leave an imprint on ~-ray spectra, provided that the
117 ALP mass is sufficiently small, m, S peV. Above a critical energy E.; photon-ALP mixing
s becomes maximal, leading to a reduction of the photon flux [11, 12]. Around FE.; this is
9 accompanied by spectral irregularities that depend on the strength and morphology of the
120 magnetic field [13]. Photon-ALP conversions could also reduce the opacity of the Universe
121 caused by pair production of v rays with photons of the extragalactic background light
122 (EBL) [14]. Evidence exists that the v-ray absorption is indeed lower than expected from
123 state-of-the-art EBL models [15-18], and ALPs have been used to explain these observations
124 [19-22] (see, however, [23, 24]).

s Sources embedded in galaxy clusters are promising to search for ALPs due to the strong
126 magnetic fields extending over large spatial scales in these systems. For example, the absence
127 of irregularities above 200 GeV in the spectrum of the blazar PKS 2155-304, associated with
s a poor galaxy cluster, has been used to constrain the photon-ALP coupling [25]. Here, we
120 focus on the search for irregularities in the spectrum of the radio galaxy NGC 1275 with
10 the Fermi Large Area Telescope (LAT). NGC 1275 is the most favorable target since it is
131 a bright y-ray emitter detected with a significance exceeding 100 ¢ in the third Fermi-LAT
122 source catalog (3FGL) [26]. Its broadband emission can be explained with synchrotron-self
133 Compton models, which predict a smooth ~-ray spectrum [28, 29]. It is located at the center
13 of the Perseus cool-core cluster for which rotation measures (RMs) suggest a high central

135 magnetic field [30].

s Our analysis makes use of the newest Pass 8 event-level analysis for LAT data. Compared
137 to previous Passes, Pass 8 has an improved angular resolution, a broader energy range,
138 larger effective area, as well as reduced uncertainties in the instrumental response functions

139 (IRFS) [31] .



u LAT DATA SELECTION

w1 We make use of six years of LAT data taken between 2008-08-04 and 2014-08-04 in the
12 energy range from 100 MeV to 500 GeV. For lower energies, the effective area decreases
13 rapidly and the energy dispersion increases. At energies above 500 GeV we do not expect
14 sufficient photon statistics [32]. We only consider events that arrive at a zenith angle 6, < 90°
1s in order to minimize the contribution of v rays from the Earth limb. Time intervals that
us correspond to bright solar flares and v-ray bursts are excluded. We extract ~-ray like
17 events within a 10° x 10° region of interest (ROI) centered at the position of NGC 1275:
148 (ipgop = 3119™49.9°%, Jag00 = +41°30™49.25 [26].

us  Events passing the Pass 8 PBR2_SOURCE selection cuts are analyzed using the PBR2_SOURCE_V6
150 IRFs.! An innovation of the Pass 8 IRFs is the possibility to subdivide an event class into
151 event types according to the quality of the angular or energy reconstruction (PSF and
152 EDISP event types, respectively). In this analysis we will use the EDISP types to maximize
153 our sensitivity to spectral irregularities. Events are classified into one of four types ranging
15« from EDISPO to EDISP3, that denote the quality of the energy reconstruction from worst to
155 best. All EDISP event types have a similar number of events in each logarithmic energy bin
155 and are mutually exclusive. The energy dispersion matrices are given in the Supplemental

157 Material [27] .

15s PHOTON-ALP OSCILLATIONS

155 Following [16, 33, 34], we derive the probability P,, for a final state photon in the photon-
10 ALP beam as a function of energy for an initially un-polarized photon beam (see the Sup-

161 plemental Material). We expect the irregularities to occur around a critical energy [35],

2 2
E it~ 2.5GeV |ma,ne\/ - wpl,nev‘ (1)
gllBuG ’

12 with ALP mass m,nev and plasma frequency wp nev in units of neV, coupling constant
163 g1 = Jar/ 1071 GeV ™!, and magnetic field B,q = B/1 uG. We include photon-ALP mixing
164 in the intra-cluster and Galactic magnetic fields. The B field of the Milky Way is modeled

165 with the coherent component of the model described in [36]. We do not include its turbulent

! http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm



166 component, as the scales on which the turbulence occurs are usually smaller than the photon-
17 ALP oscillation length. The turbulent intra-cluster B field is described below. Absorption
16s of 7y rays by the EBL is taken into account through the model of [37]. We neglect any
160 oscillations in the intergalactic magnetic field (IGMF). With current upper limits on the
170 IGMF strength of S 1072 G and on the photon-ALP coupling, g;; < 6.6 [38], we find that
1 Fey S 100 GeV only for mgpev S 0.5. For such low masses, g7 is further constrained below
172 0.6 from the non-observation of v rays from SN1987A [39]. Given this small coupling and the
173 comparatively short distance to NGC 1275 (redshift z = 0.017559), no strong irregularities
174 should be induced by mixing in the IGMF.

175 Intra-cluster magnetic field

e  Faraday RM observations and magneto-hydrodynamic simulations suggest that the mag-
w7 netic field in galaxy clusters is turbulent and that its strength follows the electron density
s Ne(r) of the intra-cluster medium (ICM), B(r) = By(ne(r)/n.(r = 0))" [40-42]. We model
1o the turbulent component as a divergence-free homogeneous isotropic field with Gaussian
180 turbulence with zero mean and a variance op [34]. The energy density follows a power law
;1 M (k) o« k% in wave numbers k. It is non-zero only between the minimum and maximum

12 turbulence scales ky, = 27/ Apax and kg = 27/ Apin-

183 For the Perseus cluster, we use n.(r) derived from X-ray observations (Eq. (4) in [43])
184 within the inner rp,, = 500 kpc. Beyond this radius, we conservatively assume a zero mag-
185 netic field. RMs currently only probe the innermost region (tens of pc) around NGC 1275.
15 The observations lead to an estimated central magnetic field of 25 G [30]. An independent
157 lower limit of By < 2—13 uG for 0.3 < 1 < 0.7 has been derived from MAGIC observations
18 of the Perseus cluster [44]. These results motivate our assumptions for op = 10 uG and

10 1) = 0.5, which are also in line with observations of other cool-core clusters [e.g. 45, 46].

1o For the turbulence spectrum, we assume values derived from RMs of the cool-core cluster
101 A 2199 [46], which has a comparable number of member galaxies. The fiducial parameter

102 choices are summarized in Tab. 1.



Parameter| Value
oB 10 uG
Tmax 500 kpc
i 0.5

q —2.8
Anin 0.7kpc
Anax 35kpc

TABLE I. Fiducial model parameters for the intra-cluster magnetic field in Perseus.

103 DATA ANALYSIS

e We perform a binned Poisson likelihood analysis, similar to the DM signal search from
10s dwarf spheroidal galaxies [47, 48]. Events are binned into 10°x 10° sky maps with a resolution
106 of 0.2° per pixel. The width of the logarithmically spaced energy bins is chosen to be 30 %
107 of the median energy resolution of each EDISP event type (see the Supplemental Material
108 for details). This results in 39, 67, 94, and 145 energy bins for EDISP0-3, respectively. We
190 have tested with simulations that bin sizes below 40 % of the median energy resolution do
200 not affect the results.

20 For each event type, we perform a fit over the entire energy range and ROI for all source
202 parameters (nuisance parameters ;) using gtlike included in the Fermi-LAT Science Tools
203 version v10r01p01.2 We include all point sources listed in the 3FGL within 15° from the
24 ROI center. The diffuse backgrounds are modeled with templates for the Galactic and
205 the isotropic extragalactic y-ray emission.® The energy dispersion is taken into account in
206 the fitting of the point sources whereas it is already accounted for in the the data-driven
207 derivation of the diffuse templates. Normalizations of the diffuse sources and point sources
208 within 8° from the ROI center are left free to vary. All spectral indices of the point sources
200 within 4° are also free parameters. The time-averaged spectrum of NGC 1275 is modeled
20 with a logarithmic (log) parabola, F(E) = N(E/E,)~(et8mE/E))  where Ej is fixed to
a1 530 MeV [26].

a2 Under the assumption that the profiled nuisance parameters do not change when con-

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html



213 sidering each bin separately [47], we extract the likelihood in each reconstructed energy bin
aa k') L, 05| D) as a function of expected counts p; of NGC 1275, and observed counts
215 Dy, For NGC 1275 a power law with fixed spectral index I' = 2 is now assumed in each
216 bin. For each tested value of p;r we re-optimize the normalization of the spectrum of the
217 radio galaxy I1C 310 which has an angular separation of ~ 0.6° from NGC 1275.

ze Under the ALP hypothesis, characterized by P,, = P,,(E,mq, gay, B;) for one random

20 turbulent B-field realization B, the expected number of photons is calculated through

i =Y Dige [ AE P, F(E)E(E) )

A
20 where the integration runs over the true energy bin AEy, &' is the exposure, and Dy, is
21 the energy dispersion for event type EDISPi. Under the null hypothesis, P,, reduces to
2» the EBL attenuation. The parameters of the intrinsic source spectrum F(E), N, a, and 3,
223 are further nuisance parameters. For each tested ALP parameter and magnetic field, we
24 determine these parameters by profiling the joint likelihood of all energy bins &’
Li(p,0D) = [ [ L(uanr, 0: Dire), (3)
Y
»s for each event type separately, using the pre-computed likelihood curves L(px, 0;|Dir). In
26 this way, we treat each event type selection as an independent measurement.* The bin-
227 by-bin likelihood curves for the EDISP3 event type are shown in Fig. 1 together with the
228 best-fit spectra.
20 We simulate Np = 500 random realizations of the turbulent field B;, j = 1,..., Ng. The
20 dependence of the likelihood on the realizations is not easily parametrizable and we cannot
231 assume that the simulations map the space of possible realizations. Therefore, instead of
22 profiling, we sort the B-field realizations for each tested (my, gay) pair by increasing values of
233 the product over the likelihoods £; and use the realization that corresponds to the Q5 = 0.95
234 quantile of the likelihood distribution (profiling would correspond to @ = 1). We will
25 denote this realization as Bgs and the corresponding expected counts with pgs. Note that

23 Bos might be different for different ALP parameters, so that Bos = Bos (14, gary)-

4 This procedure will result in different best-fit estimators for the source parameters for each event type.
In this way, it is possible to speed up the optimization considerably. We have verified that our results do

not change when the parameters of NGC 1275 are tied over the event types.
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FIG. 1. The likelihood curves (shown in color) for the EDISP3 event type. Aln £ = 0 corresponds
to the maximum likelihood in each bin (black points). The error bars indicate an increase of the
likelihood by 2A1In £ = 1. The best-fit spectrum of the joint likelihood without an ALP (with an

ALP with myev = 1.2 and g7 = 1) is shown as a light (dark) red solid line.

27 Similar to [49], we evaluate the ALP hypothesis with a likelihood ratio test. The test
28 statistic (T'S) for the ALP hypothesis is calculated from the joint likelihood of all event

230 types:
9 D
(“957 0|D)
210 where p, are the expected counts for the null (no ALP) hypothesis with maximized nuisance
21 parameters 0= é(p,o) and fig; are the expected counts under the ALP hypothesis that,
22 together with 6, maximize the likelihoods of each event type. We test ALP parameters on a
23 logarithmic (my, ga) grid with (19 x 12) steps where 0.07 < mg ey < 100 and 0.1 < gy3 < 7.

2 The mass range is chosen such that FE., falls into the analyzed energy range whereas the

2s maximum coupling is motivated by the bound found in [38]. For the lower bound, the

10



a6 amplitude of the irregularities is too small to be detectable.

27 In order to convert the TS value into a significance, we need to know the underlying
28 probability distribution. We derive the null distribution from Monte-Carlo simulations and
210 from it the threshold TS value, TSy, for which we can reject the null hypothesis (see the
250 Supplemental Material for details). For a rejection of the no-ALP hypothesis at a 3 o (global)
251 significance level, we find that TS > TSy, = 33.1.

22 RESULTS

3 The best-fit ALP parameters are found at m,.y = 44.6 and g;; = 4.76 with TS =
254 10.40 < TSy, and hence the best fit with ALPs is not significantly preferred over the null
255 hypothesis. We set upper limits by stepping over the ALP parameters and calculating the
26 difference A\(my, gay) between the log-likelihood values for each pair m,, g., and the best fit.
7 ALP parameters are excluded with 95 % confidence if A > Ay, = 22.8. The threshold value
258 Apr 18 calculated under the assumption that the probability distribution of the alternative
250 hypothesis follows the null distribution. We have tested this assumption with simulations
0 and found that this choice results in over coverage for ALP parameters causing the strongest
261 irregularities, thus yielding conservative limits.

22 The excluded parameter space is shown in the left panel of Fig. 2 (black shaded region).
263 Photon-ALP couplings are ruled out between 0.5 S ¢11 S 3 for 0.5 S M neV SbHand g 21
264 for 5 S M neV < 10. At high masses, the limits run almost parallel to the lines of constant
265 Eori, (shown as dotted lines for B, = 10). For lower masses, ALP couplings along the
266 Foiy = 1 GeV line with 1.3 S g1 S 4 are not excluded. Around this “hole”-like feature,
267 P, exhibits rapid fluctuations for almost the entire Fermi-LAT energy range. Given the
s Poisson noise in the data, these ALP parameters cannot be excluded. We stress that the
20 fit with ALPs is not preferred over the null hypothesis. For masses below m, ey = 0.5,
o0 irregularities still enter the Fermi-LAT energy range allowing to exclude ALP parameters.
on The observed limits agree well with the expected exclusion region derived from Monte-
22 Carlo simulations (shaded regions). The “hole” feature is not visible in the expected limits
213 but occurs in certain Monte-Carlo realizations (an example is given in the Supplemental
2 Material). In 5% of the simulations (yellow shaded region), ALP parameters are excluded

o for which the E.; > 100 GeV. This is expected since we have derived A, from the null

11



26 distribution where for 5% of the simulations one finds T'S > Ay,.. The parameters for which
27 we could detect an ALP signal at a 2 o level agree well with the observed limits (gray hatched

28 region; see the Supplemental Material for details).

2o The results are subject to systematic uncertainties related to the analysis and magnetic
200 field parameters. Concerning the analysis, changing the energy dispersion has the strongest
2a1 effect on the limits. If we conservatively broaden the energy dispersion by 20 % the area of
2 the tested ALP parameter grid with A > 22.8 decreases by 25 %. All other tested effects
23 related to the analysis change the limits at most by ~ 4%. Concerning the choice of
24 B-field parameters, neither the strength, the power spectrum, nor the dependence on the
2ss electron density of the magnetic field are well established for Perseus. Therefore, the full
286 analysis is repeated for a magnetic-field strength of op = 20 uG, for a Kolmogorov-type
267 turbulence spectrum, ¢ = —11/3 (as found in the cool-core cluster Hydra A, [e.g. 45]), and
288 by conservatively assuming that the magnetic field is zero beyond rp,,x = 100 kpc. Increasing
280 0 increases the excluded area by 43 %. In comparison, the other tested parameters have a
200 subdominant effect of maximally 16 %. The dependence of the limits on the particular choice
201 of the EBL model is negligible due to the relative proximity of NGC 1275 (2 = 0.017559).
202 The absorption is maximally ~ 8 % at 500 GeV with significantly smaller relative differences
203 for a number of EBL models [37, 50-54]. We provide a comprehensive summary of all tested

204 Systematic uncertainties in the Supplemental Material.

2 The limits derived in this work are compared to other limits and sensitivities of future
206 experiments in Fig. 2 (right). Our results give the strongest constraints to date for 0.5 <
207 Mg nev S 20 and surpass the expected limits for the planned ALPS II experiment [55] in that
208 range. They are only a factor of ~ 2 below the exclusion prospects of the planned TAXO
20 experiment [56]. We note that the systematic uncertainties of the future experiments are
s00 likely to be smaller than the ones that apply to the present analysis. In conjunction with
so1 other limits taken at face value [25, 39, 49], the parameter space where ALPs could explain
302 hints for a lower y-ray opacity compared to EBL-model predictions (light blue region, [21])
303 18 now strongly constrained. The limits do not constrain ALPs that could make up the
s0¢ entire DM content of the Universe. This corresponds to the region in Fig. 2 (right) below
s the 1N = 1 line, where N is a model dependent factor and 6; is the misalignment angle [9].
36 Our analysis only constrains ALPs that make up less than 4% of the DM, or equivalently
sor hN > 5.
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s Observations with future «-ray instruments could improve the reported limits and test
300 ALP DM models. The planned Gamma-400 satellite, with an envisaged energy resolution
s10 of 1% above 10 GeV [57], might be able to better resolve the spectra and probe higher ALP
s masses. Higher masses could also be reached with the future Cherenkov Telescope Array
a2 (CTA) [58].

a3 It will be possible to reduce the uncertainties of the intra-cluster B field with the upcoming

3

-

s+ Square Kilometer Array (SKA) that will conduct a full-sky polarisation survey [59]. It is

3

—-

s expected that SKA will observe hundreds of RMs of background sources for the most massive
a6 clusters, thereby enabling a more precise determination of their magnetic fields [60].

siz The analysis presented here can be easily extended to other sources that reside in clusters
us (e.g. M 87 in the Virgo cluster) or in general to any source where ALP-induced spectral
a0 irregularities are expected. ALP parameters not constrained in the present analysis (such
20 as those of the “hole”-like feature) could be probed with the different B-field configurations

321 1In other sources.
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FIG. 2. Left: Observed and expected 95% confidence limits on the ALP parameters from 400
Monte-Carlo simulations. Dotted lines correspond to constant critical energies. The hatched
gray region shows the parameters where ALPs are detectable at the 20 confidence level (median
sensitivity). Right: Comparison of Fermi-LAT limits with other works. Other Limits are shown
in red, expected sensitivities in green. The parameter space where ALPs could explain a low v-ray
opacity is shown in blue. ALPs below the Ay = 1 line could account for all the DM. The QCD

axion is shown as a gray shaded band and solid black line. See, e.g. [61] and references therein.
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