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ABSTRACT

Context. Extended and delayed emission around distant TeV sources induced by the effects of propagation of y ray s through the intergalactic
medium can be used for the measurement of the intergalactic magnetic field IGMF).

Aims. We search for delayed GeV emission from the hard-spectrum TeV vy-ray emitting blazar 1ES 0229+200, with the goal of detecting or
constraining the IGMF-dependent secondary flux generated during the propagation of TeV 7y rays through the intergalactic medium.

Methods. We analysed the most recent MAGIC observations over a 5 year time span, and complemented them with historic data of the H.E.S.S.
and VERITAS telescopes, along with a 12-year-long exposure of the Fermi/LAT telescope. We used them to trace source evolution in the GeV-TeV
band over a decade and a half. We used Monte Carlo simulations to predict the delayed secondary y-ray flux, modulated by the source variability,
as revealed by TeV-band observations. We then compared these predictions for various assumed IGMF strengths to all available measurements of
the y-ray flux evolution.

Results. We find that the source flux in the energy range above 200 GeV experiences variations around its average on the 14-year time span of
observations. No evidence for the flux variability is found in the 1-100 GeV energy range accessible to Fermi/LAT. The non-detection of variability
due to delayed emission from electromagnetic cascade developing in the intergalactic medium imposes a lower bound of B > 1.8 x 1077 G for
the long-correlation-length IGMF and B > 10~!* G for an IGMF of cosmological origin. Though weaker than the one previously derived from the
analysis of Fermi/LAT data, this bound is more robust, being based on a conservative intrinsic source spectrum estimate and accounting for
the details of source variability in the TeV energy band. We discuss implications of this bound for cosmological magnetic fields that might explain
the baryon asymmetry of the Universe.
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1. Introduction

Teraelectronvolt y rays propagating from distant extragalac-
tic sources suffer from attenuation due to pair production in
interactions with the extragalactic background light (EBL).
The pair production effect leads to the deposition of electron-
positron pairs in the intergalactic medium. These pairs lose their
energy via inverse Compton scattering of cosmic microwave
background (CMB) photons and in this way produce a sec-
ondary y-ray flux that could be detected as extended and time-
delayed y-ray ‘glow’ around extragalactic TeV +y-ray sources
(Aharonian et al. 1994). Properties of this secondary y-ray flux
are sensitive to weak magnetic fields present in the inter-
galactic medium (Plaga 1995; Neronov & Semikoz 2007, 2009;
Neronov et al. 2010). This provides us an opportunity to measure
such weak magnetic fields using y-ray observation techniques.

The non-detection of extended or delayed GeV band emis-
sion from several extragalactic TeV sources has been pre-
viously used to derive a lower bound on the intergalactic
magnetic field IGMF) strength. Indeed, the lower bound on
the IGMF represents the minimum magnetic field strength
needed to suppress the cascade emission in the GeV domain,
which makes it negligible with respect to the source emis-
sion. The bound on the long-correlation-length magnetic field,
B > 107G (Neronov & Vovk 2010; Tavecchio et al. 2011),
has been derived under the assumption that the present day
measurements of the TeV vy-ray flux from selected blazars (a
class of active galactic nuclei — AGNs — with the jet point-
ing towards the observer) are representative for the entire AGN
duty cycle period of the order of 10 Myr. A weaker bound
of B > 107G was derived after relaxing this assump-
tion and assuming instead that the selected TeV sources were
active only during the historical TeV 7y-ray observation time
span (Dermer et al. 2011; Taylor et al. 2011; Vovk et al. 2012).
An update of this approach yielding a lower bound B >
3 x 107G on long-correlation-length magnetic fields was
reported by Ackermann et al. (2018), based on 7.5 years of the
Fermif/LAT telescope data (Atwood et al. 2009). This updated
analysis was also based on the unverified assumption of stabil-
ity of the TeV band flux on a decade-long time span. Limits on
extended emission around bright blazars Mrk 421 and Mrk 501
were also derived from the MAGIC telescope data (Aleksié et al.
2010) at energies above 300 GeV, excluding IGMF strengths in
the range 4 x 1079 G-1.3 x 107'* G, under a strong assump-
tion of the existence of persistent intrinsic source flux above
20 TeV. Several other blazars were observed by the H.E.S.S. tele-
scopes (H.E.S.S. Collaboration 2014), yielding similar results —
IGMF strengths in the range (0.3—3) x 10~"° G were excluded,
under similar assumptions regarding (unmeasured) intrinsic
source fluxes above 20 Te'V.

In this paper, we report a significant improvement upon these
previous results. We used the data of systematic long-term GeV—
TeV band monitoring data on a specific source providing the
most stringent IGMF lower limits to date, 1ES 0229+200, owing
to its distance (redshift of z =~ 0.14, Woo et al. 2005), hard
GeV-TeV spectrum, and apparent absence of high-energy cut-
off (Aharonian et al. 2007). The data collected over more than a
decade allowed us to substantially relax assumptions about the
intrinsic source flux properties over that period. The TeV band
monitoring data allowed us to make precise predictions of the
cascade flux timing properties at lower energies, that is, those
accessible to the Fermi/LAT telescope. The combination of the
imaging atmospheric telescope and Fermi/LAT measurements
allowed us to test the model prediction against the data. We show
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that the non-detection of delayed cascade emission in Fermi/LAT
data yields a robust lower bound on the IGMF strength and cor-
relation length, free of the assumptions above.

This paper is organised as follows. In Sect. 2 we describe
the reduction of the MAGIC and Fermi/LAT data, followed by
the numerical modelling of the time-delayed cascade emission.
In Sect. 3 we assess the 1ES 02294200 variability and apply
the developed model to evaluate the corresponding bounds on
IGMF strength. Finally, in Sect. 4 we discuss the implications of
this measurement for the IGMF origin and outline prospects for
its further improvements with future observations.

2. Data analysis
2.1. MAGIC data analysis

The MAGIC telescope is a stereoscopic system of two 17-m
diameter Imaging Atmospheric Cherenkov Telescopes (IACTsS).
It is located at 2200 m above sea level in the observatory of the
Roque de los Muchachos, on the Canary island of La Palma,
Spain. It can register y ray s from about 50 GeV to more than
50TeV. For low-zenith angle observations, the sensitivity of
MAGIC for point sources reaches 0.7% of the Crab Nebula flux
above 220 GeV in 50 h of exposure (Aleksi¢ et al. 2016).

The MAGIC observations of the 1ES 0229+200 were con-
ducted during the period September 2013—-December 2017!. The
dataset used in our analysis has 145.5 hr of accumulated expo-
sure with the zenith angle below 50 degrees, where the MAGIC
energy threshold is lower.

The data were analysed using the standard MAGIC soft-
ware MARS (Zanin et al. 2013). Standard event cuts were
used to improve the signal-to-background ratio, as described
in Aleksic et al. (2016). We used standard MAGIC angular cuts
to select the source events in the field of view as for time delays
shorter than ~10 years, which we discuss below, no significant
cascade emission is expected to extend beyond the MAGIC point
spread function (PSF).

2.2. Fermi/LAT data analysis

Our analysis of Fermi/LAT data is based on the P8R3 SOURCE
type y-ray event selection in the energy range 100MeV to
200 GeV, collected between August 2008 and September 2020.
We processed the data using the Fermitools package and
FermiPy framework® v0.17.3 (Wood et al. 2017), as described
in the FermiPy documentation®.

To extract the source spectrum we considered the events
in the 25°-wide region-of-interest around the source posi-
tion, collected under the zenith angles below 90°. We
accounted for the galactic (gll_iem_v07.fits) and extra-
galactic (iso_P8R3_SOURCE_V2_v1.txt) diffuse backgrounds
and included other sources from the Fermi/LAT fourth source
catalogue (4FGL, Abdollahi et al. 2020). The shapes of the
sources’ spectra were taken from the 4FGL catalogue with their
normalisation left free. We constructed likelihood components
separately for each of the four Fermi/LAT PSF classes (event
types 4, 8, 16, and 32) and used them jointly in the fit, account-
ing for the instrument’s energy dispersion. The spectra and light

' The spectral energy distribution obtained processing the data sample
from 2013 to January 2017 has been already published by MAGIC coll.
(Acciari et al. 2020). Here we added the data taken in 2017, showing
also the overall light curve.

2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/

3 https://fermipy.readthedocs.io/
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curves were extracted using two complementary techniques: the
binned likelihood analysis and the aperture photometry (for the
latter a smaller 5° region and ‘source’ event type 3 selection was
used). The consistency of the results was verified via the cross-
check of the spectra and light curves obtained with these two
techniques.

We restricted the aperture photometry analysis to the energy
range 1-200GeV (the highest-energy photon from the source
direction had the energy E ~ 180GeV). All over this energy
range, the diffuse background event count becomes comparable
to or lower than that of the source only in the narrow angular
bin range 0 < 6 < 0.25°. Taking this into account, we chose the
region of extraction of the source signal § < 0.25° in the aper-
ture photometry method of spectral extraction. Given that the
95% containment radius of the Fermi/LAT PSF* above 2 GeV is
~1.5°, we used the gtexposure tool with parameter apcorr=y,
which assured that the source flux estimate from small region
of § < 0.25° was properly corrected for the source flux fraction
contained in this circle.

2.3. Numerical modelling

Propagation of vy ray s through the intergalactic medium leads
to the development of electromagnetic cascades initiated by pair
production of the highest-energy y rays on the far-infrared pho-
tons of the extragalactic background light. The cascade emis-
sion appears as a delayed y-ray emission following an intrinsic
flare of a y-ray source. To model the delayed emission signal, we
used two fully 3D Monte Carlo codes that trace the development
of the cascade in the intergalactic medium: the CRPropa v3.1.7
code (Alves Batista et al. 2016) and the CRbeam code devel-
oped in Berezinsky & Kalashev (2016), also tested via compari-
son with the alternative cascade simulations (Taylor et al. 2011;
Kalashev & Kido 2015; Kachelriess et al. 2012). Detailed com-
parison of these codes was performed by Kalashev et al. (2022),
who showed that simulations with CRPropa and CRbeam agree
with each other with an accuracy of the order of 10% for rel-
atively nearby sources with z < 0.3; for the modelling below,
we fixed the issue with the inverse Compton interaction rate in
CRPropa, identified there. We used these codes to calculate the
cascade signal G(E, o, Ey, 1,7, B, Ap) at the energy E, produced
by propagation of primary y rays of energy E, , injected instan-
taneously by the source and arriving at the time ¢. The codes give
the estimate of the cascade signal as a function of the time delay
7. The cascade ‘Green’s function’ G depends on the strength B
and correlation length Ag of the IGMF and, in principle, also on
the spatial-domain power spectrum of the Fourier expansion of
B. Throughout the paper we assume all of the IGMF power is
concentrated in a single mode at k = 1/4p scale.

The cascade flux at an energy E, in the observer’s frame,
based on the known flux variability pattern F,(E, ¢, t) can be then
expressed as follows:

F(E,, 1) = f f G(E, 0, Ey,t —1,T)F(E, o, — T)AE, odT.
o JE,

ey

In our calculations we parametrised the intrinsic source light
curve (namely the variability pattern) F as 14 steps (bins) in
the time interval MJD 53000 — MJD 59000, covering all of the
TIACT and Fermi/LAT observations. The step size was chosen so

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

as to suppress the appearance of the bins with no observation
counterparts while still matching the observed source variability
(see Sect. 3.1 below). The combined contribution of these time
bins (as described by the Green’s function above) was used to
estimate both the primary and delayed fluxes in each time and
energy bin.

As available data do not reveal any variability in the
1ES 0229+200 spectral shape in the > 100 GeV energy range,
when converting F to primary and secondary flux estimates, we
made a simplifying assumption that the intrinsic source spectrum
follows the power law shape with an exponential cut-off:

() )

2
dE Ey Ecu @

and varies only in normalisation (see Sect. 3.2 for the details on
the chosen spectral shape parameters.

To simulate the secondary emission for 1ES 02294200 with
CRPropa, we assumed the source distance of Dy = 580 Mpc
(corresponding to the sources’ redshift of z ~ 0.14) and recorded
all photons injected within a 10° cone, arriving to the sphere of
the same radius r = D, and centred on the source. The CMB
and the far-infrared backgrounds (model from Franceschini et al.
2008) served as the target fields for both y-ray photon absorption
and inverse Compton scattering of the created secondary e* /e~
pairs. All particles were traced with the required relative inte-
gration step accuracy of € = 107! and a minimal step size of
Ad = 10" cm, which were sufficient to reproduce time delays
with an accuracy better than 1 day.

3. Analysis results
3.1. Spectrum and light curve

Spectral energy distribution and light curves of 1ES 0229+200 in
the GeV-TeV energy range, obtained here, are shown in Figs. 1
and 2 (see Sect. 3.3 for full description), respectively, along
with the archival measurements from H.E.S.S. (Aharonian et al.
2007) and VERITAS (Aliu et al. 2014).

The joint Fermi/LAT and MAGIC spectrum is well described
by a simple EBL-absorbed power law with a cut-off model
(x* = 2.5/8degrees of freedom) with best-fit intrinsic values
of ' =172 +0.05 and E . > 2.6TeV at a 95% confidence
level. In general, MAGIC, H.E.S.S., and VERITAS spectra in the
0.1-10TeV energy range agree well with each other in shape,
though differ in normalisation. The joint spectrum (including
Fermi/LAT measurements) is still described well with the same
simple spectral model (y*> = 14.2/22 degrees of freedom) with
a compatible spectral index I' = 1.74 + 0.07 and a larger cut-off
energy (Eqy > 10TeV at a 95% confidence level).

The source’s light curve below ~100 GeV from Fermi/LAT
data does not indicate any significant time variability of the flux.
On the contrary, the TeV band measurements from H.E.S.S.,
VERITAS, and MAGIC suggest notable variations with respect
to the mean flux by a factor of approximately two. The flux
is variable on timescales of ~500 days, with several brighten-
ing and dimming episodes identifiable. The significance of this
variability was assessed from a joint y* fit of H.E.S.S., VERI-
TAS, and MAGIC light curves, using an EBL-absorbed power
law with cut-off spectral model to compute the fluxes in the
respective energy bins. The parameters of the model were left
free in the fit. In addition, an 11% point-to-point systematical
uncertainly, characteristic for MAGIC (Aleksic et al. 2016), and
a 25% inter-instrument calibration uncertainty (corresponding
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Fig. 1. Spectral energy distribution of 1ES 0229+200 in the 100 MeV—
100TeV energy range. The Fermi/LAT and MAGIC data were
obtained here; H.E.S.S and VERITAS measurements were taken from
Aharonian et al. (2007) and Aliu et al. (2014) correspondingly.

Table 1. Summary of the variability study with IACT data, estimated
from their joint fit with the exponentially cut-off power law model.

Name /\(2 Fyar Npoints Scale

H.E.S.S. 22.0 0.31+0.04 8 0.85+0.23
MAGIC 16.7 0.43 +0.07 5 1.00 (fixed)
VERITAS 86 0.35+0.11 3 1.27 £0.18

Notes. F\, denotes the fractional variability (Edelson et al. 2002), Npoints
is the corresponding light curve points counts, ‘Scale’ represents the
scaling parameter applied to the flux values in order to account for
the possible inter-instrument systematics (arbitrarily fixed to unity for
MAGIC data). The best-fit spectral parameters were log;, A = —22.51 £
0.24 dex(1/(eV em?s)),T = 1.25£0.29, Ey = 100 GeV, and log, o Ecye =
13.99+1.50 dex(eV). It should be noted that these parameters were deter-
mined without accounting for the measured source spectral energy distri-
bution shape (using only flux measurements in the corresponding energy
bins), and thus differ from those used in the cascade emission modelling
that was further performed. See Sect. 3.1 for details.

to a typical ~15% uncertainty on the IACT energy scale and a
power law source spectrum with the measured index I' = 2.6 —
similar to that of 1ES 02294200 after absorption on EBL) were
also accounted for. This joint fit results in y*> = 47/11 degrees of
freedom, which rejects the constant flux assumption at the 4.80
level. The MAGIC data alone, with monthly binning, hint at the
variability at a marginal 2.70 level (y* = 14.2/4 degrees of free-
dom) when the measurement systematical uncertainty is taken
into account. Estimated fractional variability and corresponding
x contributions to the joint fit are given in Table 1.

3.2. Minimal expected cascade estimate

Following the arguments of Neronov & Vovk (2010), a conser-
vative lower bound on the IGMF strength should be based on the
minimal possible cascade contribution allowed by the data, for
example the softest intrinsic spectrum with the lowest cut-off:

N _(E v ool E
dE - EO p Elow :

cut

3

In order to estimate the values of I}, and Eé‘l’l‘f’, we fitted the

GeV-TeV spectrum of the source, scanning the I'-E, space
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by means of y?. In the scan we combined the GeV data from
Fermi/LAT and TeV measurements of MAGIC, H.E.S.S., and
VERITAS. Each spectrum was allowed to have a different nor-
malisation during the fit, accounting for the variability of the
source. For each combination of I'-E, we also computed the
expected cascade power in terms of the total absorbed flux. This
allowed us to select the intrinsic spectrum parameters that lead
to the minimal possible cascade contribution in the <100 GeV
energy band.

The outcome of this scan is shown in Fig. 3. The best y?
values correspond to E., > 10TeV and a hard spectrum with
I ~ —1.70. Still, at a 90% confidence level, the lowest cas-
cade flux is provided by the intrinsic source spectrum with
Dow & —1.72 and EX% ~ 6.9TeV (in the observer reference
frame, otherwise it should be corrected for the source redshift
by a factor of [1 + z]).

3.3. Light curve modelling and accounting for the IGMF

To model the GeV-TeV light curves, we used the model intro-
duced in Sect. 2.3. For each IGMF configuration (i.e., strength
and coherence length), we performed a fit of all H.E.S.S., VER-
ITAS, MAGIC, and Fermi/LAT light curves together. This com-
bination of TeV and GeV data allowed us to self-consistently
estimate the ‘primary’ and ‘delayed’ flux contribution in each
time and energy bin.

In our ‘minimal cascade’ modelling, we assumed zero intrin-
sic source flux before MJD = 53000 (just before the first
H.E.S.S. flux data point in Fig. 2). The non-zero flux at MJD <
53000 would produce extra cascade flux during the observation
time span MJD > 53000. In addition, we used the I" and E, val-
ues that minimise the expected delayed contribution, estimated
in Sect. 3.2. The constructed model is the most conservative with
respect to the IGMF constraints.

The minimal cascade model is not free from uncertainties
(e.g., on the source jet orientation and opening angle). The char-
acteristic delay of the off-centre emission of 1ES 02294200 is
Tqg=1 (9/ 1073 deg)2 yr (with 6 being the offset angle); this value
is set by the geometry of the e*/e™ pairs deflection and is inde-
pendent of the IGMF configuration. For the time delays allowed
to be probed by the data at hand (below =16 years), the charac-
teristic off-centre angle of the delayed secondary emission would
be <4 x 1073 deg — much less than PSF of the considered instru-
ments or a typical opening angle of AGN jets.

The result of the IGMF strength scan, assuming a randomly
orientated IGMF with a coherence scale in the range Az = 1073 -
1 Mpc, is shown in Fig. 4. For IGMF strengths below ~107'3 G,
the secondary emission suffers minimal lag (below ~1 yr), so
that there is almost no suppression due to the time delay. For
IGMF stronger than ~1071% G, the time delay is large enough to
suppress the secondary emission well below the expected pri-
mary one, so that the model light curves at GeV energies start
to simply mirror the variability at the higher-energy, TeV spec-
trum end. The minimal y? value here represents the ability of the
constructed model to reproduce the short timescale (<400 days)
variability of 1ES 02294200, suggested by the data points in
Fig. 2.

This scan in Fig. 4 indicates that with very few assumptions
made here, the IGMF is constrained to have strength B > 1.8 X
1077 G at a 95% confidence level (corresponding to Ay? ~ 2.71
from the the minimal y? value).

The scaling of the above constraint with the IGMF correla-
tion length is set by the cooling distance of the injected electrons
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Fig. 2. Light curve of 1ES 0229+200 in several energy bands along
with an exemplary fit with an IGMF with strength B = 107G
and a coherence scale of Az = 1 Mpc. The top panel represents the
best-fit model light curve (along with its uncertainties) used to make
the predictions in the energy bands where the measurements were
taken (the panels below). The Fermi/LAT and MAGIC data are
reported in the text; H.E.S.S. and VERITAS measurements were taken
from Cologna et al. (2015) and Aliu et al. (2014) correspondingly. The
primary, cascade, and total source fluxes are denoted with green trian-
gles, orange squares, and red circles, correspondingly. Solid and dashed
lines represent calculations with CRPropa (Alves Batista et al. 2016)
and CRbeam (Berezinsky & Kalashev 2016) Monte Carlo codes respec-
tively; the latter use the small point-like markers to distiguish them-
selves.

and positrons, and for randomly orientated IGMF cells it can
be derived analytically (Neronov & Semikoz 2009). The cool-
ing distance of e* /e~ pairs (due to radiative loss through inverse
Compton scattering) is

EIC -1/2
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Fig. 3. Scan of the cascade power in the I'-E,,, parameter space along
with the 68% and 90% confidence contours from the y? fit. At a 90%
confidence level, the minimal cascade, marked with the yellow dashed
lines, corresponds to I' ~ 1.72 and E., = 6.9 TeV.
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Fig. 4. Intergalactic magnetic field strength scan for several dif-
ferent assumed coherence lengths Ag. The scan is performed
via a simultaneous fit of GeV-TeV observations at hand. Cal-
culations with both CRPropa (Alves Batistaetal. 2016) and
CRbeam (Berezinsky & Kalashev 2016) Monte Carlo codes are
presented. Lines of different colours depict the y? values estimated for
different non-zero IGMF strengths. The solid black line represents the
case of zero IGMF, in which case the secondary emission dominates
in the Fermi/LAT energy range; the dashed black line represents the
reference fit with the cascade contribution disabled.

for electrons and positrons up-scattering CMB photons to the
energy Ejc. The scan performed above is most sensitive to the
delayed emission contribution in the lowest-energy 1-10 GeV
light curve. This suggests that the derived lower limit holds for
IGMF coherence lengths Az > 0.2Mpc and scales for shorter
correlation lengths inversely proportionally to A2 50 that it can
be summarised as:

1.8x 1077 G, A > 0.2Mpc
B> 17 -1/2 :
1.8 x 10717 (15/0.2Mpc) > G, A5 < 0.2Mpe

This conclusion is supported by the scan of the simulated Az <
1 Mpc cases that we performed.

It is wort noting that the presented analysis does not
favour a specific value of B or Az as every IGMF satisfying
the limit in Eq. (5) would result in the same secondary flux
time delay. This degeneracy, in principle, can be broken if an
accurate measurement of the cascade flux time evolution is
obtained (Neronov et al. 2013); in the absence of such a firm
detection, we are not in a position to do this here.

&)
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3.4. Effect of the possible spectral variations

The assumption of the fixed source spectral shape, used here,
may not be justified if the 1ES 02294200 spectral shape varies
over the 14 years of Fermi/LAT observations. However, no
indications for its change have been found in earlier H.E.S.S.
and VERITAS data with possible spectral index variations
AT < 0.2 (Aharonian et al. 2007; Aliu et al. 2014); we have not
found such indications in the MAGIC data either. Such small
variations do not have a noticeable impact on the derived IGMF
bound value.

Still, given the lower source flux during the MAGIC observa-
tions (see Fig. 2), the cut-off energy is poorly constrained for the
time period MJD 56500-58000 and may be substantially lower
than the assumed E!°% ~ 6.9 TeV. Conservatively assuming that
no detectable cascade was thus generated during the MAGIC
observations, we have found that lower limit on IGMF strength
is relaxed to B 2 6 x 107!8 G for Az > 0.2 Mpc.

4. Discussion and conclusions

A range of lower bounds on the IGMF strength has been previ-
ously reported based on the non-observation of delayed emis-
sion in the 1-100 GeV band, assuming that the TeV sources
remain active on year-to-decade timescales (Dermer et al. 2011;
Taylor et al. 2011; Vovk et al. 2012; Ackermann et al. 2018)°.
An important limitation of all previously reported bounds is that
none of the previously reported analyses used strictly contem-
poraneous monitoring of the source in the 1-100 GeV and TeV
bands.

The bound derived in the present paper is based on a combi-
nation of long-term simultaneous monitoring of 1ES 0229+200
in the 1-100 GeV energy range with Fermi/LAT and in the E >
200 GeV range with Cherenkov telescopes: H.E.S.S., VERITAS,
and MAGIC. This combination alleviates, for the first time, the
dependence of the bound on an uncertainty related to possible
variability of the TeV band source flux. This makes the bound
more robust and almost free from uncertainties of the intrinsic
primary source flux variability.

We would like to note that a certain fraction of the
deposited electron-positron power may be carried away via
plasma instabilities, which develop as a result of interaction
between the generated particle stream and the intergalactic
medium (Broderick et al. 2012). Such instabilities may mimic
the effect of the IGMF, reducing the expected cascade flux.
Presently there is no self-consistent description of the prob-
lem, given the large density gradient between the stream and
the surrounding plasma, so that conclusions on its importance
for the IGMF measurements vary substantially, depending on
the assumptions adopted (Broderick et al. 2012; Miniati & Elyiv
2013; Chang et al. 2014; Shalaby et al. 2018; Vafin et al. 2018,
2019; Alves Batista & Saveliev 2019; Perry & Lyubarsky 2021).
Furthermore, the instability development may be affected by
the source emission lifetime (Broderick et al. 2012) and by the
IGMF itself (Alawashra & Pohl 2022). Given these uncertain-
ties, a quantitative analysis of this issue is beyond the scope of
this work.

Figure 5 puts our bound in the context of other measurements
and theoretical models of IGMF. The cosmological evolution of

5 The difference between the lower bounds derived by Dermer et al.
(2011) and Taylor et al. (2011), 1078 G and 10~'7 G is due to more pre-
cise modelling of the cascade emission by Taylor et al. (2011, Monte
Carlo) compared to Dermer et al. (2011, approximate analytic model).
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Fig. 5. Lower bound on IGMF strength derived from Fermi/LAT
and Cherenkov telescope datasets (thick blue curve and red data
points, respectively). The green dot-dashed and dashed curves show
previous Fermi/LAT limits derived for the full source sample and
1ES 0229+200 only, respectively (Ackermann et al. 2018). The light-
grey shaded upper bound shows previously known limits on the IGMF
strength and correlation length from radio telescope data (Kronberg
1994) and CMB (Planck Collaboration XIII 2016) analysis, as well
as from theoretical estimates (Durrer & Neronov 2013). The inclined
orange stripe shows the locus of end points of evolution of cosmo-
logical magnetic fields (Banerjee & Jedamzik 2004). The red stripe
marks the possible range of the magnetic field produced by the chi-
ral dynamo (Joyce & Shaposhnikov 1997; Neronov & Semikoz 2020).
The dark green stripe denotes the range of electroweak phase transition
magnetic fields that might explain the observed baryonic asymmetry
of the Universe (Giovannini & Shaposhnikov 1998; Fujita & Kamada
2016; Kamada & Long 2016). The filled vertical green and violet boxes
show favoured regions of IGMF generated by a frozen-in magnetic field,
originating from AGN outflows (Furlanetto & Loeb 2001) or galactic
winds (Bertone et al. 2006) as labelled in the figure.

magnetic fields that might have been present in the early Uni-
verse drives the field strength and correlation length towards

_ A
Bcosmological =107 (WBPC) G, ©6)
shown by the inclined orange band in Fig. 5

(Banerjee & Jedamzik 2004; Durrer & Neronov 2013). The
non-observation of Faraday rotation of the radio waves’
polarisation from distant AGNs and of magnetic field imprint
on the CMB constrains the IGMF strength from above for
large Ag (Kronberg 1994; Durrer & Neronov 2013). The y-ray
observations reported here constrain the field from below. For
the particular case of cosmological magnetic field, equating
Egs. (5) and (6) we find
Bcosmological 2z 10714 G. (7)
The bound derived here (Eq. (5)) is weaker than the one reported
by Ackermann et al. (2018) based on the stacking analysis of a
number of blazars. However, one should note that the effect of
the IACT and Fermi/LAT energy scale calibration uncertainties
relaxes that bound threefold (Ackermann et al. 2018). Moreover,
the IGMF limit presented here is based on a prior conserva-
tive estimate of the intrinsic 1ES 0229+200 spectrum, with the
aim of minimising the expected cascade regardless of the IGMF.
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Finally, the bound of Ackermann et al. (2018) relied on a strong
assumption about the properties of the TeV band y-ray fluxes
of the stacked sources, rather than on real measurements of the
TeV flux. In contrast, the bound reported here is free from this
assumption. Instead, it relies on precise measurements of the flux
history of the source in the GeV-TeV energy range.

The robust lower bound on the IGMF strongly constrains
a range of testable models of cosmological magnetogenesis,
and specifically the models of magnetic field production at
or before the electroweak phase transition (EWPT) in the hot
Universe at the temperature close to 7 ~ 100GeV, during
the first nanosecond after the Big Bang (see Vachaspati 1991;
Neronov & Semikoz 2009; Durrer & Neronov 2013, and refer-
ences therein). These models are particularly interesting in the
context of the problem of the origin of baryon asymmetry of
the Universe (BAU). It is possible that the BAU has been gener-
ated through the transfer of hypermagnetic helicity to the baryon
number at the moment of EWPT (Giovannini & Shaposhnikov
1998; Vachaspati 2001; Fujita & Kamada 2016; Kamada & Long
2016). If this is the case, the hypermagnetic field should have been
present in the Universe before the EWPT, when the temperature
was still higher. This is possible, for example, through the ‘chiral
dynamo’ magnification of thermal fluctuations of hypermagnetic
field at temperatures 7 > 80 TeV (Joyce & Shaposhnikov 1997;
Neronov & Semikoz 2020). Estimates of possible initial param-
eters of the cosmological hypermagnetic field at the moment of
chiral dynamo action are shown by the red stripe in Fig. 5. At
the moment of the EWPT, the chiral dynamo field parameters
fall into a range of fields needed for successful BAU generation
(Fujita & Kamada 2016; Kamada & Long 2016). Subsequent
evolution of the field to the present epoch results in the cosmo-
logical fields with strength from ~10713 G to ~5 x 107'* G, close
to the lower bound derived here.

The analysis presented above indicates that the chiral
dynamo magnetic field, possibly responsible for BAU, can be
measured using the technique of the search of time-delayed
emission in the signal of extragalactic sources of TeV y rays.
In the specific case of sources at the redshift z ~ 0.1 similar to
that of 1ES 0229+200, detection of the ~10yr delayed signal
requires systematic monitoring of the sources in both the TeV
and in the 1-100 GeV bands.

Shorter time delays are expected at higher energies, because
the delay time shortens as 1 /E% (Neronov & Semikoz 2009).
In the specific case of 1ES 02294200, it goes down to ~1yr
at 100GeV. This opens up the possibility of detecting the
BAU-related magnetic field through the regular monitoring
of source variability at intra-year timescales with Cherenkov
telescopes. The detection of a specifically energy-dependent
‘afterglow’ of a bright, short pronounced flare of the source
would be a ‘smoking gun’ of the effect in question. Unfortu-
nately, 1ES 0229+200 does not exhibit intense flaring episodes.
Other candidate sources could be considered for this approach.
A necessary condition is that the candidate sources should
have strong intrinsic luminosity above 10TeV (the energy of
primary y rays, which induce cascade emission at 100 GeV,
Neronov & Semikoz 2009). Measurement of such time delays
through long-term monitoring is challenging, but not impossible
with existing and planned y-ray observation facilities, including
Fermi/LAT (Atwood et al. 2009), CTA (Actis et al. 2011) and
HERD (Zhang et al. 2014).
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