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Abstract. Primordial magnetic fields are amplified by turbulent dynamo effects, as well as by the processes of formation and
evolution of stars in the Interstellar Medium (ISM). At the same time, galactic outflow streams are generated by the energetic
feedback from stars and supernovae (SN) explosion, along with large-scale dynamic events (e.g. galaxy mergers and tidal interactions
between galaxies). In massive galaxies, energetic winds are also produced by accretion of gas in central supermassive black holes,
and resulting in the feedback from Active Nuclei of Galaxies (AGN). The magnetic fields in the ISM are pushed out by strong galactic
outflows over time, magnetically enriching the InterGalactic Medium (IGM) at larger cosmological distances. These magnetic fields
permeate the turbulent IGM, and can influence the formation of structures on large scales. The origin of the large-scale diffuse
InterGalactic Magnetic Fields (IGMFs) is not known. IGMFs could be: generated primordially in the early Universe, or produced
locally in galaxies and efficiently transported by galactic outflows to fill a significant volume fraction of the IGM . For the second
case, the contribution of SN-driven versus AGN-driven outflows in the transport of magnetic fields is also unknown. The properties
of the magnetic fields are very difficult to measure directly, especially in the low density diffuse regions of the IGM. The objectives
of this study are: to investigate the origin of the IGMFs, compute the contributions of galactic outflows (driven by SN versus AGN)
in the advection of magnetic fields from the galaxies to the IGM; explore the evolution of IGMFs through cosmic times. We will
combine numerical simulation results with gamma ray observations (current and future observations made by CTA and its precursor
- ASTRI MINI-ARRAY).
Resumo. Os campos magnéticos primordiais são amplificados por efeitos dínamo turbulentos, bem como por processos de formação
e evolução estelar no meio Interestelar. Ao mesmo tempo, fluxos de saída galácticos são gerados pelo feedback energético de
vários processos: estrelas, evolução estelar e explosão de supernovas (SN), juntamente com eventos dinâmicos de grande escala, por
exemplo fusões de galáxias e interações de maré entre galáxias. Em galáxias maciças, ventos energéticos também são produzidos
por acreção de gás em buracos negros supermassivos centrais e resultando no feedback de Núcleos Ativos de Galáxias (AGN). Os
campos magnéticos na galáxia ISM são arrastados por fortes saídas galácticas com o tempo, enriquecendo magneticamente o Meio
intergaláctico (IGM) em distâncias cosmológicas maiores, Esses campos magnéticos permeiam o IGM turbulento e podem influenciar
a formação da estrutura em grande escala. Os campos magnéticos também afetam a propagação de raios cósmicos e raios gama
produzidos por AGN e rajadas de raios gama em distâncias cosmológicas. A origem dos campos magnéticos InterGaláticos difusos de
larga escala (IGMFs) não é conhecida, podendo ser: gerados de maneira a preencher o espaço primordial, ou produzidos localmente
em galáxias e transportados de forma eficientemente por saídas galácticas para preencher uma fração volumétrica significativa do
IGM. Para o segundo caso, a contribuição de saídas SN-driven versus AGN-driven no transporte de campos magnéticos também é
desconhecida. As propriedades do campo magnético são muito difíceis de medir diretamente, especialmente nas regiões difusas de
baixa densidade do IGM; que este projeto pretende esclarecer. Tendo como objetivos: - Investigar a origem dos IGMFs, computando
as contribuições das saídas galácticas (movidas por SN versus AGN) na advecção de campos magnéticos das galáxias ao IGM. Explorar a evolução dos IGMFs através de épocas cósmicas. - Restrinjir a força e o fator de preenchimento dos campos magnéticos
cósmicos, combinando resultados de simulação numérica com observações de raios gama (observações atuais e futuras feitas pelo
CTA e seu precursor - ASTRI MINI-ARRAY).
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1. Introduction
The InterGalactic Medium (IGM) is the region that comprises
the baryonic material existing between galaxies, which is the
dominant component of this type of matter in the Universe.
Galaxies are formed in the high-density regions of the IGM (Mo
et al. 2010).
Observational studies find that diffuse large-scale magnetic
fields exist in the IGM. Diffuse magnetic fields are fields immersed in a medium where the density is smaller than that within
the galaxies (e.g., the intergalactic medium). The origin and evolution of cosmic magnetic fields, their intensity and structure in
the intergalactic space, their first appearance in young galaxies,
and their dynamical importance in the evolution of galaxies remain largely unknown (Beck 2012). Magnetic fields of higher
intensity (order of µG) are observed in galaxies and galaxy clusters. This can be explained by the amplification of primordial

magnetic fields. Although widely accepted, the existence of primordial magnetic fields is still the subject of several questions,
most importantly its origin.
Some widely accepted theories are that primordial magnetic
fields were generated during the Big Bang or during the early
cosmological phases of the Universe (e.g. Thorne 1967; Enqvist
1998). These primordial fields are amplified by converting the
rotational kinetic energy of gas into magnetic energy, with the
conservation of magnetic helicity according to the dynamo phenomena, a process known as the "turbulent dynamo" (Roberts &
Stix 1971; Eraso 2009). Magnetic fields in galaxies are dragged
out of the Interstellar Medium (ISM) by powerful galactic outflows generated by local processes like star-formation, stellar evolution, Supernova (SN) explosion, and Active Galactic
Nuclei (AGN) accretion. Global processes like galaxy mergers
and tidal interactions between galaxies also develop galactic outflows, which as well enrich the IGM with magnetic fields.
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This research aims to investigate the origin of the
InterGalactic Magnetic Fields (IGMFs) by computing the contributions of SN versus AGN driven galactic outflows in the advection of magnetic fields from the galaxies to the IGM. The
magnetic fields in the intergalactic medium are expected to vary
with cosmic epoch. This project will explore the evolution of the
IGMFs through cosmic times, as well estimate the amplitude and
the filling factor of the cosmic magnetic fields.

2. Numerical Method
We analysed cosmological hydrodynamical simulations (e.g.
Barai et al. 2013), performed using the code GADGET-3. The
cosmological volume is a (2M pc)3 box, undergoing Hubble expansion, and evolved with periodic boundary conditions.
The GADGET code (Springel 2005) calculates gravitational
forces between matter using an N-body collisionless method,
in particular it uses a hierarchical Tree algorithm (optionally in
combination with a particle grid scheme for long-range forces).
GADGET allows the gas dynamics to be optionally included. It
represents fluids by Smoothed Particles Hydrodynamics (SPH),
employing the Lagrangian SPH numerical formalism.
The GADGET cosmological simulation gives as output these
quantities for the SPH gas particle: position, velocity, radius
(Rcomoving ), density (ρgas ), mass (Mgaspart ), specific internal energy (uint ).

3. Analysis

uE
B2
=
2
8π

(1)

where u is the energy density of the magnetic field, uE is the
energy density of the gas particles and B is the magnetic field.
The output data generated by GADGET includes uint of the
gas particles. This uint must first be converted to u, for which we
use Eq. 2.
u=

uint × Mgaspart
V

(2)

where V is the gas particle volume. Particles are considered to
be spherical in shape, so the volume is calculated according to
Eq. 3.
V=

4πR3physical
3

(3)

where R physical is the physical radius of the gas particles.
The cosmological simulation represents an Universe undergoing Hubble expansion. This means that as the Big Bang (early
Universe) is approached, matter particles were closer together.
And with the passage of time, matter particles fly away from
each other according to the Hubble rate. Therefore a distance
correction must be made while performing our analyses, to take
into account the actual physical distance. The relevant equation
here is of the comoving distance, equation (4).
R physical =

Rcomoving
1+z

where Rcomoving is the comoving distance and z is the redshift.
Another parameter that has also been calculated is the overdensity of the gas particles δ, which is obtained through the Eq.
5.
δ=

We perform post-processing analyses for gas flows around simulated galaxies. Our main assumption is that there is equipartition
of energy between the thermal energy of gas and the magnetic
energy. The magnetic field can then be obtained according to
Eq. 1. The methodology used to calculate the magnetic field B
(following (Barai 2008)) is:
u=

Figure 1. Projected 2D maps of the gas overdensity.

(4)

ρgas
< ρB >

(5)

where ρgas is the density of the gas particles and < ρB > the
average density of the Universe. According to the ΛCDM cosmological model, the mean density of the Universe is obtained
using Eq.6
< ρB >= ΩB,0 × ρcrit =

ΩB,0 3H02
8πG

(6)

An input parameter for the GADGET cosmological simulations is the Star Formation Threshold Density (SFTD). It is
the limiting density dividing the cosmic gas into regions where
the star formation occurs (inside galaxies, where the density
is higher) and the environment where it does not occur (IGM,
where the density is lower). We convert this threshold from number density to mass density using Eq. 7
ρS FT D =

nS F × Mhydrogen
< ρB > (1 + z)3

(7)

where ρS FT D is the threshold density of star formation, and nS F
is the corresponding number density. Our simulations use a value
nS F = 0, 13cm−3 (Barai et al. 2013). In this way, ρS FT D =
1.200298 × 103 . is obtained.

4. Simulation Results
Using the analysis methods, the following figures were obtained
for the magnetic field in the (2M pc)3 cosmological volume at
the cosmic epoch z = 6.5:
Figure 1 shows the projected 2D map of the gas overdensity
in the whole (2M pc)3 volume. Here it is possible to note the
intergalactic medium (dark and red regions) which is gas at low
densities. Together the galaxies and clusters of galaxies are also
visible (yellow and white filaments) as the high density regions.
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Figure 2. Projected 2D maps of the magnetic field.

Figure 4. Diagrams of correlation of temperature with overdensity, respectively.

5. Conclusion
From the partial results, we conclude that the Magnetic field has
a positive correlation with the overdensity in the IGM (Figure 3)
and inside the galaxies.
In figure 4, a positive correlation is noted in the temperature
inside the galaxies. Outside in the IGM, it is possible to note that
most of the gas has low temperatures. A small fraction of IGM
gas is heated up due to shocks.
So, it is noted that the magnetic field is frozen to the density
of matter, thus having a higher magnetic field concentration in
the regions of filaments of galaxies.
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