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Abstract We study the challenges to detect the cosmic web at radiolerayths with state-of-
the-art cosmological simulations of extragalactic magniétlds. The incoming generation of
radio surveys operating at low frequency, like LOFAR, SKE&\V and MWA will have the best
chance to detect the large-scale, low surface brightnegssiem from the shocked cosmic web.
The detected radio emission will enable to constrain theamemagnetisation level of the gas
in filaments and the acceleration efficiency of electronstlgng shocks. In case of detections,
through statistical modelling (e.g. correlation functpit will be possible to discriminate among
competing scenarios for the magnetisation of large-sc¢aletsres (i.e. astrophysical versus pri-
mordial scenarios), making radio surveys an important@aftcosmic magnetogenesis.
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1. Introduction

Deep radio surveys at low frequencies might be able to detect the cosmimwadio con-
tinuum, and start imaging the shocked warm-hot intergalactic medium (WHIlsk) ctintains half
of baryons in the universe (e.g. Davé et al. 2001; Gheller et al. 201bis should be possible
because the gas in the cosmic web is expected to be surrounded by sitogtgpa shocks, where
the cosmic gas is first shock-heated (Sunyaev & Zeldovich 1972) atidles can be accelerated
to relativistic energies, via diffusive shock acceleration (Blandfordi€hter 1987). Owing to
their rather large Mach numbey/ ~ 10— 107, cosmological accretion shocks should be efficient
accelerators of both cosmic ray protons (e.g. Ryu et al. 2003; Pfrontrakr2006) and electrons
(e.g. Hoeft & Briiggen 2007; Skillman et al. 2011). Relativistic electrartel@rated here might
emit synchrotron emission and illuminate the radio cosmic web (Keshet et @, Bé@wvn 2011),
provided that the magnetisation of the WHIM is large enough. Detecting this iemigad us-
ing it to infer the level of extragalactic magnetic fields is important to study thenooigcosmic
magnetism, whose origin is still debated (e.g. Widrow et al. 2012). Two mamasos can be
identified: turbulent amplification and compression of weak fields genedaiedg phase transi-
tions (hereafter "primordial" scenarios), or magnetisation by galactic veindsoutflows powered
by star formation feedback, supernovae and AGN (hereafter "#stsaqal" scenarios). While the
magnetic field configuration in clusters at the present epoch should heifaiependent of the
initial seed field (Donnert et al. 2009; Cho 2014), the magnetic fields in filgsrghould carry
memory of the initial field (Vazza et al. 2014; Marinacci et al. 2015).

The predictions for the WHIM magnetisation are still very uncertain in MHD sitiuia, due to

numerical limitation in resolution and physical uncertainties on the seedingsses. However,
cosmological simulations can be used to produce observable predictrodifféoent models, to

be tested by radio observations. In recent work, we produced mdekehservations of the cos-
mic web and quantified how radio observations can be used to constrainrttienation of the

acceleration efficiency and of the magnetic fields in the cosmic web (Vaztaz&tl5a,b). In this

contribution we review the most important results of this study and include trst teeelopments
on this research.

2. Methods

2.1 Cosmological MHD Simulations

The simulations we present in this work belong to the CHRONOS++ suite of dogimo
cal magneto-hydrodynamical (MHD) simulations wiNZO (Bryan et al. 2014) running on the
Piz-Daint Supercluster at CSCS (Lugano) and tailored to explore tleaide properties of com-
peting seeding scenarios for extragalactic magnetic fields.

Here we analyse two re-simulations of a®®pc® comoving volume fronz = 33 until z= 0,
with 120 cells and dark matter particles (for a fixed comoving spatial and mass resofitio
40 kpc andx 1.1- 10°M..). A first non-radiative run includes gravity, cosmological expansiuh a
magnetic fields, evolved starting from a uniform primordial seed fielBgf 10-°G comoving
(hereafter "primordial” model). This run is contrasted with a second rene@fter "astrophysi-
cal” model) that also includes radiative gas cooling, thermal and magnetibdek from active
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galactic nuclei (fromz = 4), and assumes a 100 times lower primordial seed fijd; 10 11G.
As in other works (Vazza et al. 2013) we include AGN feedback by sadgaat run-time extra
thermal/magnetic energy from high density peaks with halos 10~2particles'cm?®, with a fixed
energy per eventHygn = 10°%rg for the thermal energy arhgn g = 10 2Eacn for the mag-
netic energy, released as a dipole). To evolve MHD equations we usestlreebcleaning method
implemented irENZQ, ported onto the GPU by Wang et al. (2010).

2.2 Radio emission and mock observations

We estimate the continuum radio synchrotron emission by relativistic electameaated
by cosmological shocks, in the diffusive shock acceleration (DSA)ae, following Hoeft &
Briiggen (2007). DSA is assumed to generate supra-thermal electatn®itow a power-law
in energy in the downstream region of shocks, and the total radio emissiiwe idownstream
region is the convolution from all the contributions of power-law distributieviich have aged as
a function of distance from the shock because of synchrotron amds@vCompton losses. First,
we identify schocks in the simulation with a velocity-based approach (Vazia2009) and then
we apply the formalism by Hoeft & Briiggen (2007) to compute the radio enmissaa function
of gas parameters in the cells (density, temperature, magnetic fields). déleration efficiency
of electrons by shockse(.#,T) is a function tailored to statistically reproduce radio emission
from cluster shocks, i.e§e ~ 10-6 — 10~° for weak merger shocks in the ICM. In previous work
(Vazza et al. 2015b) we estimated that in this scenario, the average naidsien from the shocked
WHIM averaged over large comic volumes should reduce to:

3 Jy 100MHz &g &e

deg v 001 103’ 2.1)

RvHim (V) ~5x10

wheregg is ratio between the magnetic and the thermal energy of the WHIM aisthe acceler-
ation efficiency of electrons at strong? > 10 shocks.

Our post-processing strategy to include all most salient features of cadttmuum imaging
has been first discussed in Vazza et al. (2015a) as an application te K& observations, and
in Vazza et al. (2015b) in connection to several other existing and incoradig surveys. In sum-
mary: 1) we compute the radio emission in the reference frame of each simutdtede, and
produce maps of total emission by summing the contribution of all cells along theflgight. 2)
The emission is converted into the physical frame of the observer, i.e. wihdiemission for the
luminosity distance and include further cosmological dimming. 3) The maps arré&fsformed
to remove the frequencies below the minimum antenna baseline of each sgaidiconfigura-
tion, i.e. we mimic the loss of signal from scales larger than those sampled by timeumirinstru-
mental baseline. This is particularly relevant for the large-scale diffuséW\emission. 4) The
maps are converted back into real space and the emission is convoltied fesolution beam with
a Gaussian filter. 5) Only where the emissiori8ayms (Whereoymsis largest between the thermal
or the confusion noise of each instrument) we consider the simulated emissitwiegtable. 6)
As a simplifying working assumption, we assume a perfect removal of the Mitky foreground
and of all resolved point-like radio sources, as well as an ideal calibratid deconvolution of the
radio data.
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A public repository of radio maps for the full volumes studied in Vazza efall%b) is avail-
able athttp://cosmosimfrazza.myfreesites.net/radio-web

3. Results

3.1 Overview of previousresults

We studied the detectability of the cosmic web in the primordial scenario of ekacte
magnetic fields in Vazza et al. (2015b), with the same techniques introdu&esetif.2. We found
that radio surveys can detect the cosmic web if the WHIM is on average asdpdifithe level
of a few % of the thermal energy. This amplification level is not observedratdsimulations
(Vazza et al. 2014), yet it would be consistent with the magnetic field deta@teg at filamentary
accretion onto the Coma cluster (Bonafede et al. 2013) and can beegthiavsmall-scale dynamo
amplification below the resolution limits of existing simulations. It may be as well exhbly the
fast growing instabilities in a high plasnfla(e.g. Mogavero & Schekochihin 2014).

In this scenario, low-frequency<(300 MHz) observations have the best chances of a detection,
owing to their better sampling of thedegrees scales traced by the low redshift cosmic web. A
typical surface brightness ef uJy/arcseé must be reached at these scales to get a detection.

Figure 1 summarises the level of radio emission from the shocked WHIMephé#hin a
projected area of £4x 14° in the sky, observed with 13 different radio surveys (for the specific
parameters, see Table 2 in Vazza et al. 2015b). The smaller diamondgrehdetectable emis-
sion by each different radio survey after post-processing for itsifp@arameters and assuming
detection at> 30;ms. Most of the detectable radio cosmic web is confiner400.1 — 0.2, because
of cosmological dimming. The largest fraction of detected flux from the WhHMxpected by
LOFAR (Tier 1 surveys in HBA and LBA), MWA (Broadband survey)da8KA-LOW (already
during Phase 1). However, on average only a few percent of theWHdM emission will be
detected even in this case. We estimate a background of unresolvedmasiéioa from the radio
cosmic web ofv 103 — 10-2Jy/ded?(100MHz/v), in case of high magnetisation of the WHIM.

3.2 Latest results

With newest simulations we are addressing the capabilities of low-frequeaiidy survey
to distinguish among competing magnetisation scenarios for the large-scaleirgtsu The top
panels in Figure 2 show the mass-weighted mean magnetic field along the linatahsigigh the
primordial (left) and astrophysical (right) models introduced in Sec.2.liléAlre two scenarios by
design produce similar average magnetic field values in hal@1l— 1 uG as a volume average),
they display a very different radial trend moving towards clusters aigbyavith the primordial
scenario producing a typically higher magnetisation in the filaments. This isExpeecause
the magnetisation of filaments is mostly driven by compression and carries mefrtbiyinitial
seed, which is larger in the primordial run. We notice that the magnetic fietbeseployed here is
among the largest it is allowed by the latest constraints from Planck satellitekRTallaboration
et al. 2015). In the astrophysical scenario instead, filaments arectétdsad by a more irregular
distribution of magnetic fields, as an effect of the extra compression hatirsdcooling and by
the release of extra magnetic fields close to AGN. Away from these twoebofamplification,
the field is on average 100 lower that in the primordial scenario.
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Figure 1: Performances of different radio surveys on & &414° radio sky. The bold squares show the
intrinsic emission from the WHIM in the simulated volume, ttennected small diamonds show the de-
tectable emission by each different radio survey. To bettenpare the surveys at different frequencies, all
emissions have been rescaled(t§0 MHz/v).

The central panels of Fig.2 show the radio emission in the two scenariosutetgi 120 MHz
and assuming the emission to be located-at0.025 (d_ ~ 100 Mpc). The lower panels of Fig.2
show that even with a LOFAR-HBA Tier 1 survey, with sensitiviy,s ~ 0.25 mJy/beam (corre-
sponding tox 0.35 uJy/arcseé for a resolution beam of of 25 arcsec) it will be hard to detect the
WHIM emission, consistent with our previous findings (Sec.3.1). Aparnfthe radio-relic like
emission within clusters/groups and due to internal merger shocks, onlyladalised patches in
the cosmic web emits above the pJy/arcseé level, necessary for & 30/ms detection. Radio
observations at this rather low level of detection should explore statistiahitpies to explore
the magnetic cosmic web, like correlating with large-scale structures andrgfankltiple obser-
vations (e.g. Brown 2011). To better characterise the intrinsic differénthe scale distribution
of emission in the two scenarios we computed the 2-point correlation functicadim emission
in the two mock observations (Fig.3). The correlation function is computedeaaviirage of all
C(l)=(I(r)-1(r+1))) (wherel(r) is the radio flux at a given position in the maps) between all
detectable pixels in the mock observation. In Fig.3 we show the result ofnasguwa noise of
Orms = 0.3 Jy/arcseé as well as a ten times smaller one)® Jy/arcseé. In both cases, the dif-
ference between the primordial and the astrophysical scenario is igaificant forl < 10Mpc,
corresponding te- 5.5° in the sky at this redshift. This follows from the larger magnetisation level
of filaments, which creates patches of enhanced emission on scalegi sevWpc away from
clusters. However, the fraction of detected pixels is small in the LOFAR-HIBA1 configuration
assumed here, and the measured correlation function is noisy, indicatimyénaging over larger
areas will be fundamental to recover a better signal. In the primordiahsoahe correlation func-
tion becomes significantly less noisy with an improved sensitivity, while the gaissssignificant
in the astrophysical scenario as most of filaments remain too dim to be deteetethehis case.
Within the simple approximations assumed here (removal of galaxy contribugiorgval of the
galactic foreground, etc), the statistical analysis of large areas of yreuskeyed at low radio fre-
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Figure 2: Top: mass-weighted mean magnetic fields for a simulatechwel@ = 0.025) for the primordial
and the astrophysical magnetisation scenarios. Cent@in eaission at 120 MHz from shock accelerated
electrons in the two cases. Bottom: simulated observatitnMDFAR-HBA at 120 MHz. The red contours
show the emission above the assumed thermal nojsg € 0.3 uJy/arcsed).

guency promises to be an important tool to discriminate among competing sccioautioe origin
of extragalactic magnetic fields.

4. Conclusions

The radio cosmic web may be detectable with the incoming generation of radieysup-
erating at low frequencies<(200 MHz). Using MHD cosmological simulations, we studied the
detectability of the shocked and magnetised cosmic underling realistic suyvegrformances.
The telescopes with the best chances of detection are LOFAR-HBA aAd 8RA1-LOW and
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Figure 3: Two-point correlation function for detectable pixels iretmaps of Fig.2, assuming a noise of
Orms = 0.3 uJy/arcseé or 0.03 uJy/arcseé.

MWA, owing to their high sensitivity and better sampling of the small baselines;hadilows a
better sampling of the large-scale, low surface brightness of the cosmic web

Once removed from the contamination by foregrounds and radio gal#xéesadio emission level
from the cosmic web will enable to constrain the average magnetisation lewe WfHIM and the
acceleration efficiency of electrons by strong shocks> 10 (Vazza et al. 2015a,b).

With more advanced simulations including the additional magnetisation by actagtigauclei
we showed that statistical methods (i.e. 2-point correlation functions ofdtexigd radio emis-
sion) will have the potential to distinguish among competing scenarios for theetisation of
large-scale structures in the local universe, provided that electrensffeciently accelerated by
shocks and that some fraction of the cosmic web is bright enough to bdatdéecTogether with
the development of the robust statistical tool analyse the typically low signais$e ratio expected
for these observations, the production of sophisticated MHD cosmolaginalations is a manda-

tory step to predict the statistical imprints of competing scenarios on the ragiarskenable radio
surveys to become efficient probes of cosmic magnetogenesis.
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