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Galaxy groups are the intermediate structures in hierarchy of cosmic objects. Usually, galaxy
clusters emerge out of mergers of groups of galaxies, but, no study confirms that groups are just
the scaled down version of the clusters. In this work we have studied the thermal and non-thermal
characteristics of galaxy groups from observational (SDSS catalogue) and theoretical (ENZO
hydrodynamic simulations) point of view and compared them with the cluster properties. Our
study shows that the mass scaling of both thermal and non-thermal properties of galaxy groups
are deviating from cluster scale below 5 x 101°M.. A prominent break in the scaling laws at
5 x 103 M, has been observed in computed radio emission as well. We have also estimated the
cosmic magnetic field using turbulent dynamo model for these objects and found to be at a level
of sub-micro Gauss. Possible radio synchrotron emission from groups have been calculated using
both Diffusive Shock Acceleration and Turbulent Re-acceleration models. It is observed that the
total emission from some of the groups are much higher than what is expected from existing
scaling laws. Such groups must be away from virialization and are at a highly dynamic state.
Finally, we have predicted the expected radio flux from these highly active groups for possible
detection by future telescopes (e.g. SKA, Upgraded GMRT etc.).
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1. Introduction

In the structural hierarchy, galaxy groups are the intermediate objects between the small struc-
tures such as galaxies and the biggest rich galaxy clusters (Freeland & Wilcots, 2011). But, unlike
clusters that emerge at the filamentary nodes, groups usually form inside the dark matter filaments
(Lietzen et al., 2012; Tempel et al., 2014; Vajgel et al., 2014). A simulated filamentary cosmolog-
ical structure in Fig 1(Paul et al. 2016 in prep.) clearly reveals the abundance of groups inside
the filaments that are arranged in a pattern resembling pearl necklace (Tempel et al., 2014). These
groups and the Inter Galactic Material (IGM) eventually reach the galaxy clusters at the nodes of
these filaments (Pimbblet, 2011; Perez et al., 2009; Moss, 2006). These groups while falling into
the clusters, may attain a speed as high as few 1000s km/s (Rose et al., 2002).
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Figure 1: An area of 40 Mpc?* hydro+DM simulated area with colour as density [S. Paul et al. 2016]. Galaxy groups (small white
circles marked on filaments) and clusters (big circles at the nodes).

Our 3D simulation shows that the galaxy groups while falling in to the galaxy clusters, moves
faster than the intergalactic material in the filaments. Because of this, groups may experience
tremendous shear force and dynamical friction and will get stretched along the filaments. Such
elongation along the filaments had also been observed in the groups of SDSS catalogues (Zhang
et al., 2013). Elongation of groups induces collisions among the constituent galaxies (Struck,
2011) and will inject turbulence in the intra group medium. Moreover, due to their shallower
gravitational potential (as they are inside the filaments), they are expected to be more strongly
affected by processes such as mergers, feedback from super-massive black holes (SMBH), and
galactic winds etc. (Lovisari et al., 2015). This will further ensure induction of instability in the
IGM and filamentary material. Mach number dependent Cosmic ray content is also shown to be
much larger in groups than in clusters and it differs by almost an order in magnitude (Jubelgas et al.,
2008). Activity and fractional presence of AGN is much higher in groups and low mass clusters
compared to massive clusters (Gilmour et al., 2007; Sivakoff et al., 2008). All these, strongly
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indicate that group medium is drastically different from the one in clusters and can be in a much
turbulent state. Also, they are richer in pre-existing cosmic rays and possibly be producing higher
amounts of non-thermal energy than the usual expected level predicted by extrapolation from the
cluster properties. In-fact, a clear deviation of scaling laws has been reported for groups from
clusters for Ly - T and velocity dispersion (i.e. ¢) relations by Bharadwaj et al. (2015).

Though, in last few years, some researchers worked on the thermal properties of groups
(Bharadwaj et al., 2015; Vajgel et al., 2014; Pratt et al., 2009), almost no study has been done
on their non-thermal properties. Since, non-thermal physics is very much dependent on transient
activities such as mergers, shocks and turbulence etc., it can reveal much more information about
the dynamical and evolutionary physics of large scale structures (for review Dolag et al. (2008);
Briiggen et al. (2012)). So, a thorough study of non-thermal physics in galaxy groups is well in
demand. Non thermal quantities like cosmic magnetism and radio synchrotron emissions are very
much dependent on turbulence in the system. Amplification of magnetic field to the level that we
observe can be modelled with good accuracy by turbulent dynamo (Subramanian et al., 2006) and
the acceleration of particles that produce radio halo emission can be modelled by Diffusive shock
acceleration and turbulent re-acceleration(Brunetti & Lazarian, 2007). So, a well studied turbu-
lence in galaxy group systems will surely help us in studying the dynamics of structure formation
and even will help to reveal the Worm Hot Intergalactic Medium (WHIM) that is supposed to be
residing in the filaments.

2. Radio emission from simulated galaxy groups

Very poor knowledge on properties of galaxy groups prompted us to theoretically model them
using cosmological simulations. To create our sample of galaxy groups, basic simulations were
performed with the adaptive mesh refinement (AMR), grid-based hybrid (N-body plus hydro-
dynamical) code Enzo v. 2.1 (O’Shea et al., 2004). With introduction of 2 nested child grid and
4 levels of AMR at the central 32 Mpc® volume we have achieved a resolution of ~ 30 kpc at
the highest level. As additional physics, radiative cooling is included (Sarazin & White, 1987) for
a fully ionized gas with metallicity of 0.5 solar and a star formation feedback scheme has been
applied (Cen & Ostriker, 1992).

We have chosen ~ 500 groups with masses from 5 x 10'> M, to cluster mass ~ 10'> M, from
10 simulations of 128 Mpc? volume. Our mass resolution at the smallest child grid is < 10° M,
providing enough mass resolution for the groups. Also, with ~ 30 kpc spatial resolution, systems
above 5 x 10'? M., with mostly having virial radii above 300 kpc get adequately resolved in space.

In each galaxy group, we have computed the local velocity dispersion by filtering out the bulk
motion of baryons in the core of the groups. A velocity dispersion of 100 to 300 km/s has been
observed from our simulated groups. Clusters, obviously show much larger values. Strikingly,
some groups with very low mass show much higher local velocity dispersion, almost at the level of
clusters (Fig. 2, panel 1).

The magnetic field of 4G that we usually observe in the Inter Cluster Medium can be achieved
though turbulent dynamo. This mechanism can boost the level of ICM seed magnetisation of 102!
Gauss to present value of uG. Such kind of amplification of magnetic field certainly needs a very
high degree of turbulence in the medium. A saturation of magnetisation can be achieved in a
fully turbulent medium. An equipartition can be considered between magnetic energy density %
and the kinetic energy density p &y in this condition. Saturated magnetic field is then estimated

from the hydrodynamic parameters by the given relation % o< PEurb 1.€. Bsat = \/CEAT.PVZ
(Subramanian, et al., 1998; Iapichino et al., 2012), where, vy is the local velocity dispersion.
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Figure 2: Panel 1: Velocity dispersion of baryons vs the mass of the groups from simulations. Panel 2:
Computed magnetic field plotted vs the mass of the simulated groups.

The constant of proportionality Cg is at most 0.05 (Miniati & Beresnyak, 2015). Implementing
this model, we find a sub G magnetic field in our simulated sample of groups (Fig. 2, panel 2).
The slopes of the smaller mass systems (< 5 x 10!3 M) are a little flatter. But the important
observation is, there are groups with very high magnetic field and are much away from the cluster
scaling.

The electron energy spectrum that determines the actual synchrotron power can be computed
from either diffusive shock acceleration (DSA or Fermi I) method (Drury, 1983) or by turbulent
re-acceleration (TRA or Fermi II) (Brunetti & Lazarian, 2007). The non-thermal particles are
approximated by a power law energy distribution N(E)dE o< E ~94JE. Where, § is the spectral
index of electron energy with value 2 and more steeper. With TRA, the electron energy power law

takes up the form ( G&%) . 45(2{;% E;%. A simple assumption would be to consider a fully
developed Kolmogorov type turbulence that makes the & to be % (Fang & Linden, 2015). Radio
luminosity computed using this models at 1.4 GHz revealed that the radio emission is much greater

in the groups than what is expected from the observed cluster scaling. Scaling of radio emission
with mass breaks away from cluster correlation at ~ < 5 x 10'3 M, (Fig. 3, panel 1).
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Figure 3: Panel 1: Modelled radio power (DSA & TRA) from simulated groups and clusters. Panel 2:
Computed X-ray luminosity using CLOUDY code from the simulated galaxy groups.

4



Galaxy groups study Surajit Paul

Deviation from cluster scaling in non-thermal radio emission for the groups prompted us to
verify its thermal property. We have computed the temperature weighted X-ray emission from
these groups utilizing the Cloudy (Ferland et al., 2013) code. Calculations were done for the photon
energy ranging from 0.1 keV to 12.0 keV. As expected, a deviation in scaling was found at a similar
point i.e. ~ 5 x 1013M,, for x-ray emission as well from the simulated groups (Fig. 3, panel 2).
Here, the change in the slope is just opposite, going steeper in groups unlike in non-thermal cases.

3. Expected radio emission from SDSS groups

For observational studies, we have chosen the galaxy group catalogue of Tempel et al. (2014)
as our primary data source. This catalogue has been prepared using the Sloan Digital Sky Survey
(SDSS, DR-10) data. On the tabulated galaxy data, authors applied Friends of Friends algorithm
(FoF), and identified a total of 82,458 galaxy groups by defining groups as an object having at least
2 galaxies and choosing suitable linking length (see Tempel et al. (2014) for details). For our study,
we have initially chosen groups with at least 10 galaxy candidates and having total mass greater
than 10'2M,,. So, in our initial sample we got 2903 groups and their masses are in the range of
1.5x 102 =2 x 10°M,,.

For these groups, we have computed the magnetic fields using the method described in Sec-
tion 2. We found the magnetic field to be varying in the range of sub uG to a few uG for the
biggest objects and follows the same pattern as it is observed from the simulated groups. Similarly,
we have computed the radio emission, both from the DSA and turbulent re-acceleration electrons
from the SDSS groups at 1.4 GHz (Fig. 4, panel 1). Again, the same pattern of a break in the
scaling at ~ 5 x 10'3M_, has been observed. Low mass objects i.e. galaxy groups show a flatter
variation of radio emission. Similar to the simulated objects, we have computed the possible X-ray
emission from the SDSS groups as well (Fig. 4, panel 2). Though the slopes are a little different,
but the qualitative behaviour remained the same.
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Figure 4: Panel 1: Modelled radio power (DSA & TRA) from SDSS groups and clusters. Panel 2: Computed
X-ray luminosity using CLOUDY code from the SDSS groups.

Such deviation in the scaling laws, indicates higher turbulent energy and higher level of radio
emission, especially for some of the groups (See Fig. 3). This gives us hope that if we can method-
ically select these high radio emitting objects, it will be possible to observe non-thermal emission
from very small structures like galaxy groups. For this purpose, we have chosen the deviation from
virialization of a system as the indication of high activity. The virialization is quantified via the
ratio of potential energy (P.E.) = %% and twice of the kinetic energy (K.E.)= %I%T So, a highly

active system will have virial ratio << 1.
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We have plotted a frequency histogram of the virial ratio and fitted it with a Lorentzian curve.
The distribution peaks at 0.99 with a width of 0.49 (i.e. &), which is very near to the virialization
condition of 1 (see Fig 5, panel 1). Roughly, we can assume this peak as the virialization and then
categorize the whole sample on the basis of how far an object is from virialization. Since, (%)
< 1 indicates much higher kinetic energy or turbulence in the medium, the groups that are one ¢
below the peak (i.e. ratio 0.5), can be taken as highly active groups. We found 158 such objects
among the total 2903 objects in our sample (i.e. ~ 5%). It has been noticed that, most of the active
systems are actually the low mass systems with mass below 10'*M, . This vindicates our claim that

groups are mostly away from virialization and have a high degree of turbulence in their medium.
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Figure 5: Panel 1: Frequency histogram of energy ratio (%) on a normalized scale. Panel 2: Total radio
Sflux (DSA+TRA) per beam (20") from most active groups plotted vs the group mass.

Applying our theoretical model of radio emission to these highly active SDSS groups, we have
estimated the 1.4 GHz flux per beam (20”). The computed flux varies in the range of sub ulJy to
few 10s of ulJy per beam (see Figure 5, panel 2). Many of these objects are showing promising
level of fluxes that are even within the range of few existing upgraded radio telescopes.

4. Discussion and conclusions

Galaxy groups being placed intermediate to the field galaxies and the clusters of galaxies, are
a very important part of cosmological structures. We modelled their energetics using cosmological
simulations and also implemented them on observed SDSS galaxy groups to compute different
parameters. Our study establishes uniqueness of the groups in the structural hierarchy.

e We found that the velocity dispersion in low mass structures are higher than expected.

o Saturated magnetic fields are estimated for our simulated and SDSS samples and are found
to be in the range of sub UG. Strikingly some of them show higher values, almost at a level
of big galaxy clusters.

o Both thermal and non-thermal emissions i.e. X-ray and Radio emission power show a sharp
break in scaling at ~ 5 x 10'3M,. This indicates, structures with mass below 5 x 1013M,, are
a different set of structures with different physical conditions or energetics. This helped us
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in defining a new category of objects i.e. Galaxy groups. So, groups are not the scaled down
version of galaxy clusters and needs to be studied very deeply to understand the underlying

physics that makes them different from the clusters.

e The overall radio emission plot (Fig. 4, panel 1) shows some of the groups having very high
radio powers. We defined them as highly active groups. We then relate them to the low virial
ratio systems as described in the Section 3. Finally, we have chosen a list of highly active
groups from the SDSS-group catalogue and computed the expected radio flux from those
objects. Expected fluxes are in the range of few uJy and can possibly be detected with the
upgraded or future generation radio telescope arrays like UGMRT, SKA, LOFAR etc.
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