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We predict the evolution of the radio continuum sky at 1.4 GHz from the Horizon-AGN Adap-
tive Mesh Refinement (AMR) cosmological hydrodynamical simulation of a cubic volume of the
Universe 100h−1 Mpc on a side. With empirically motivated models for the radio continuum
emission due to both star formation and Active Galactic Nuclei (AGN), we estimate the contribu-
tion of each of these processes to the local radio continuum luminosity function (LF) and describe
its evolution up to redshift 4. Despite the simplicity of these models, we find that our predictions
for the local luminosity function are fairly consistent with Mauch & Sadler (2007) observations,
with the faint end of the luminosity function dominated by star forming galaxies and the bright
end by radio loud AGNs. At redshift one, a decent match to Smolcic et al. (2009) VLA data in the
COSMOS field can only be achieved when we account for radio continuum emission from AGNs.
We predict that the strongest evolution across the peak epoch of cosmic activity happens for low
luminosity star forming galaxies L1.4GHz < 1022 W Hz−1, whose contribution rises until z ∼ 2 and
declines at higher redshifts. The contribution of low luminosity AGNs L1.4GHz < 1022 W Hz−1

steadily declines from z = 0 throughout the redshift range, whilst that of radio loud objects with
luminosities in the range 1022 W Hz−1 < L1.4GHz < 1024 W Hz−1 rises dramatically until z = 4.
Finally, high-luminosity radio loud AGNs, with L1.4GHz > 1024 W Hz−1 show surprisingly little
evolution from z = 0 to z = 4.
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1. Introduction

Simulations of the extragalactic radio continuum sky have been largely restricted to a semi-
empirical approach where simulated sources are drawn at random from an observed or extrapolated
radio continuum LF. The most sophisticated of these simulations produced as part of the SKA De-
sign Study (Wilman et al. 2008), accounts for the clustering of the radio continuum sources on large
scales by grafting them onto an underlying dark matter density field which evolves under linear the-
ory. A range of sources (radio quiet, radio loud divided into Fanaroff-Riley type I (FR I) and FR II
classes, quiescent star forming galaxies and starburst galaxies) are modelled as simple structures:
point sources and ellipses. The great advantage of a simulation based on a semi-empirical approach
is that it can map large fields of view, something out of reach of current large volume hydrodynami-
cal cosmological simulations. The limitations however are sizeable and include a limited predictive
power for the evolution of radio continuum sources because of the use of extrapolated LFs. In a
semi-empirical approach individual galaxies do not undergo changes. There are no galaxies that
are sometimes star forming, sometimes active AGN galaxies, and sometimes hybrids.

Provided a credible model for the radio continuum emission can be found, a cosmological
hydrodynamical simulation can address these limitations. In this vein, we use the Horizon-AGN
simulation to explore predictions for the radio continuum LF given physically motivated, obser-
vationally calibrated prescriptions linking a galaxy’s star formation rate and black hole accretion
rate to its radio continuum emission. Although covering only about a tenth of the sky covered by
the Wilman et al. 2008 radio continuum sky simulation and falling short of modelling ab initio
the complex physics thought to be responsible for radio continuum emission (e.g. magnetic fields,
radiative transfer), the Horizon-AGN hydrodynamical cosmological simulation offers advantages
over previous semi-empirical approaches (e.g. Hopkins et al. 2000, Windhorst 2003, Jarvis &
Rawlings 2004, Wilman et al. 2008). These include a modelling of the non-linear evolution of the
dark matter density field, a better modelling of gas outflows, inflows and their interaction on the
scales of the intergalactic medium, a description of the interaction between galaxies, the natural
occurrence of galaxies that are both star forming and hosts of black holes with star formation or
AGN activity dominating their emission to different extents at different points in their histories.
These advantages allow us to predict the evolution of the LF rather than rely on extrapolations of
the redshift zero LF.

2. The Horizon-AGN simulation

We give a brief description of the Horizon-AGN simulation (Dubois et al., 2014), a large
volume cosmological hydrodynamical simulation, run with the Adaptive Mesh Refinement code,
RAMSES (Teyssier, 2002). It adopts a standard ΛCDM cosmology with total matter density Ωm =
0.272, dark energy density ΩΛ = 0.728, amplitude of the matter power spectrum σ8 = 0.81, baryon
density Ωb = 0.045, Hubble constant H0 = 70.4 km s−1 Mpc−1, and ns = 0.967 compatible with
a WMAP-7 cosmology (Komatsu et al., 2011). The size of the box is Lbox = 100h−1 Mpc with
10243 DM particles, which gives a dark matter (DM) mass resolution of MDM = 8×107 M�.

A cell is refined up to an effective resolution of ∆x = 1 kpc (physical) according to a quasi-
Lagrangian criterion: if the mass in a cell is more than 8 times that of the initial mass resolution,
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another refinement level is added. The simulation include prescriptions for background UV heating,
gas cooling including the contribution from metals released by stellar feedback, star formation
following a Schmidt law with a 1% efficiency (Rasera & Teyssier, 2006), star formation density
threshold of n0 = 0.1 H cm−3 and feedback from stellar winds and type Ia and type II supernovae
assuming a Salpeter initial mass function (IMF) (Dubois & Teyssier 2008, Kimm 2012).

Black holes (BHs) are created in cells where the combined gas and stellar density exceeds
the threshold for star formation (n0 = 0.1 H cm−3), and where the stellar velocity dispersion in
that cell is larger than 100 km s−1, with an initial seed mass of 105 M�. In order to avoid the
formation of multiple BHs in the same galaxy, BHs are not allowed to form at distances smaller
than 50 comoving kpc from any other BH particle. BHs grow through accretion and mergers with
other black holes. The accretion rate onto BHs follows the Bond-Hoyle-Littleton rate multiplied
by a dimensionless boost factor α = (ρ/ρ0)

2 when ρ > ρ0 and α = 1 otherwise (Booth & Schaye
2009) in order to account for our inability to capture the colder and higher density regions of the
ISM. The effective accretion rate onto BHs is capped at the Eddington luminosity with an assumed
radiative efficiency of εr = 0.1 for the Shakura & Sunyaev (1973) accretion onto a Schwarzschild
BH.

The AGN feedback is a combination of two different modes, the so-called radio mode operat-
ing when χ = ṀBH/ṀEdd < 0.01 and the quasar mode otherwise. The quasar mode corresponds to
an isotropic injection of thermal energy into the gas within a sphere of radius ∆x, at an energy de-
position rate: ĖAGN = ε f εrṀBHc2, where ε f = 0.15 for the quasar mode is a free parameter chosen
to reproduce the correlations between BHs and galaxies and the BH density in our local Universe
(see Dubois et al., 2012). At low accretion rates, on the other hand, the radio mode deposits the
AGN feedback energy into a bipolar outflow with a jet velocity of 104 km/s into a cylinder with a
cross section of radius ∆x and height 2 ∆x following Omma et al. (2004) (more details about the jet
implementation are given in Dubois et al., 2010). The efficiency of the radio mode is larger than
the quasar mode, with ε f = 1.

The success of the Horizon-AGN simulation in reproducing stellar mass functions, the cosmic
star formation rate density, and the stellar main sequence is provided in Kaviraj et al. in prep.
Details of how well the simulation reproduces BH and AGN properties are presented in Volonteri
et al. (2016). Figure 1 displays a slice through the Horizon-AGN volume at redshift 0.5, giving an
idea of the large statistical sample the simulation provides (about 150,000 galaxies per snapshot
out to redshift two, 109,060 galaxies at redshift three, and 44,153 galaxies at redshift four).

.

3. Modelling radio continuum

3.1 Contribution from star forming galaxies

A tight correlation between far-infrared (FIR) and radio continuum emission in local galaxies
is attributed to massive star formation (Harwit & Pacini, 1975; Yun, Reddy & Condon 2001).
Although the details of the link are not fully understood, the idea is that FIR emission comes
from hot dusty envelopes around massive stars, while radio continuum emission, divided into a
thermal and a non-thermal component, also ultimately originates from massive stars. HII regions
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Figure 1: A three color image of a slice through the Horizon-AGN simulation at redshift 0.5. The slice
shows the full height and width of the simulation volume (100h−1 Mpc) and is projected over 20% of its
depth. Green corresponds to gas density, blue to metallicity and red to stars.

around massive stars shine in free-free emission dominating the thermal radio continuum emission,
while relativistic electrons released and accelerated during supernovae explosions from the same
population of massive stars are thought to be the main source of the non-thermal radio continuum
emission. Widely observed for local star forming galaxies, VLA 1.4 GHz and MIPS 24 and 70
µm observations of the 2 deg2 COSMOS field combined with an extensive multiwavelength data
set give firm support to previous findings (Garrett, 2002; Appleton et al., 2004; Frayer et al., 2006)
that the FIR-radio relation holds out to at least redshift ∼ 1.4 and most likely also holds between
redshift 2.5 and 5 (Sargent et al., 2010).

Independent of the redshift of our simulation, we therefore adopt the simple model for radio
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emission due to star formation from Condon (1992). It depends on the star formation rate, Ṁ?, for
stars more massive than 5 M� according to the following relations:

(
Lnon−thermal

WHz−1

)
∼ 5.3×1021

(
ν

GHz

)−0.8(Ṁ?[M≥ 5M�]

M�yr−1

)
(3.1)

(
Lthermal

WHz−1

)
∼ 5.5×1020

(
ν

GHz

)−0.1(Ṁ?[M≥ 5M�]

M�yr−1

)
(3.2)

where ν is the frequency of emission. Our measurement of Ṁ? is averaged over a period of 100
Myr in the simulation.

For the purposes of the supernova feedback, the Horizon-AGN simulation assumes a Salpeter
IMF, but nothing prevents us from giving a prediction for the radio continuum emission for the
case where stars form with a different IMF. Fig. 2 shows Horizon-AGN’s prediction for the 1.4
GHz LF due to star formation only. The left panel assumes the Salpeter IMF with lower and
upper mass cutoffs of Mlow = 0.1M� and Mup = 100M� respectively. The right hand panel gives
the prediction using the Chabrier IMF. Mass cutoffs are the same as for the case with the Salpeter
IMF, but now we see that because for the same amount of stars formed the Chabrier IMF produces a
greater number of massive stars than the Salpeter IMF, the entire LF is shifted to higher luminosities
with the Chabrier IMF, better matching the high luminosity end of the observed LF which we take
from Mauch & Sadler 2007. These observations comprise ∼ 8000 radio sources from the 1.4GHz
NRAO VLA Sky Survey (NVSS) associated with galaxies brighter than K = 12.75 mag in the
Second Incremental Data Release of the 6 degree Field Galaxy Survey (6dFGS DR2). 6dF spectra
for the galaxies allow a classification of the galaxy sample by dominant radio emission mechanism,
i.e. star formation versus AGN powered by a supermassive black hole.

An advantage of predicting the radio continuum from a cosmological hydrodynamical sim-
ulation is that one can predict the LF at higher redshifts, rather than extrapolating zero redshift
LFs. Fig. 3 shows that the LF evolves in line with the evolution seen in the cosmic star formation
rate density. To facilitate a comparison with semi-empirical models, we also plot on the figure the
LF we would infer from the simulation assuming pure luminosity evolution of the z = 0 galaxy
population. In other words, we also represent Φz(L) = Φz=0[L/(1+ z)αL ], for different values of
αL, alongside with Φz(L) as directly measured in the simulation. We conclude that for redshifts
z < 3 the low luminosity part of the LF shifts to higher luminosities with αL = 2, while the high
luminosity part of the LF has a slower evolution, with luminosities only increasing in line with
αL = 1. From redshift 3 onwards, in synch with the downturn in the cosmic star formation rate
density, the 1.4 GHz LF due to star forming galaxies in the simulation shifts to lower luminosities.
We plot the redshift one VLA-COSMOS data for star forming galaxies in Smolcic et al. 2009 and
find that if we only consider radio continuum predicted from star formation, the simulation vastly
under predicts these observations (by either an order of magnitude in luminosity or two orders of
magnitude in number density), but note that at redshift one the VLA-COSMOS data is picking up
extremely bright and rare galaxies, e.g. ULIRGS and even HyLIRGS (Smolcic et al. 2008) which
are in deficit in the Horizon-AGN simulation due to the small box size (100h−1Mpc), and very
likely to suffer from a significative contribution of a central AGN to their radio flux.
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Figure 2: Star forming contribution to the 1.4 GHz radio LF predicted from the Horizon-AGN simulation
(symbols) at z = 0.056 and compared to the Mauch & Sadler 2007 observations for the contribution of local
star forming galaxies (SFG) to the 1.4 GHz LF (blue solid line with error bars indicated in blue shading).
Red diamonds show the LF for all galaxies in the Horizon-AGN for which the simulation is complete (M? ≥
2×108M�); green squares show the LF only for galaxies in the simulation with M? ≥ 1010M� and brown
triangles show the LF for all galaxies in the simulation more massive than 1010M� and with flux greater than
10 mJy. The left panel shows the simulation results when the Salpeter IMF is assumed and the right panel
shows the results when the Chabrier IMF is assumed.

3.2 Contribution from AGN

While the FIR-radio correlation is tight for star forming galaxies, galaxies with strong AGN
signatures tend to show a radio excess in this correlation (e.g. Mauch & Sadler, 2007) indicating a
different mechanism for exciting radio continuum emission. In this work, we exploit the analogy
between X-ray binaries and AGNs to make predictions for the radio continuum of active galaxies.
More specifically, we assume that with their flat radio spectra and compact jets, hard state X-ray
binaries are analogous to low-luminosity AGN which accrete at low Eddington rates and are also
observed to have a flat spectrum radio core and jets. On the other hand, with their unstable jets
and propensity to eject highly relativistic blobs of material, intermediate state X-ray binaries are
taken to be linked to radio loud AGNs which accrete at high Eddington rates and release energy in
extended radio lobes.

Unlike observers who deduce the mass accretion rate onto X-ray binaries from their luminosi-
ties, we measure the mass accretion rate onto black holes in the Horizon-AGN simulation, but need
a prescription to relate this mass accretion rate to the radio luminosity. We use two different pre-
scriptions depending on whether χ = ṀBH/ṀEdd is high or low. For low accretion rates (χ < χlow),
we assume a low luminosity AGN and therefore use the relation between the core radio luminosity,
Lrad in eq. 3.3, and mass accretion rate for hard state objects (Körding, Fender, & Migliari 2006):

Ṁ(gs−1)∼ 4×1017(
Lrad

1030ergs−1 )
12/17. (3.3)
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Figure 3: Evolution of the 1.4 GHz radio LF predicted from the star formation rates of galaxies in the
Horizon-AGN simulation at (top left) z = 1.027, (top right) z = 1.967, (bottom left) z = 3.005,. and (bottom
right) z = 3.990. All predictions are given with the Salpeter IMF. As in Fig. 2, Mauch & Sadler 2007
observations for local star forming galaxies are represented by a blue solid line with error bars indicated
in blue shading. Red diamonds show the LF for all galaxies in the Horizon-AGN for which the simulation
is complete (M? ≥ 2× 108M�); green squares show the LF only for galaxies in the simulation with M? ≥
1010M� . The red solid line indicates the Horizon-AGN prediction for the 1.4 GHz LF at z = 0.056. The
red dashed line shows the result of scaling Horizon-AGN’s redshift 0.056 LF assuming pure luminosity
evolution with αL = 1 (see text for definition) and the red dot-dash line is for the same assumption but with
a value αL = 2. Large blue asterices show redshift one VLA-COSMOS data from Smolcic et al. 2009.
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Figure 4: AGN contribution to the 1.4 GHz radio LF predicted from the Horizon-AGN simulation (symbols)
at z = 0.056 compared to the Mauch & Sadler 2007 observations of the 1.4 GHz LF for radio-loud AGNs
(blue solid line with error bars indicated in blue shading). Red diamonds show the LF for all galaxies in
the Horizon-AGN for which the simulation is complete (M? ≥ 2× 108M�); brown triangles show the LF
for all galaxies in the simulation more massive than 1010M� and with flux greater than 10 mJy. The left
panel shows the simulation results when χlow = χhigh = 0.01 whereas the right panel shows the results when
χlow = 0.001 and χhigh = 0.3. The solid red line through the symbols denotes the contribution from low-
luminosity AGN, whereas the dashed red line through the symbols indicates the contribution from radio-loud
AGN.

Assuming a flat spectrum for the radio luminosity, Lrad ∼ ν Lν , we solve for the radio luminosity at
1.4 GHz.

For high accretion rates (χ > χhigh), we reason that we are in the regime of radio loud AGN,
and therefore use the correlation between the extended radio emission at 151 MHz (L151 in eq. 3.4)
and the mass accretion rate for intermediate state sources (Körding, Jester & Fender 2008):

Ṁ(gs−1)∼ log L151(W Hz−1 sr−1)−0.15. (3.4)

Further assuming a steep spectrum for the radio luminosity typical of these sources, i.e. Lν ∼ ν−0.7,
allows us to convert their luminosity at 151 MHz to that at 1.4 GHz.

We find that the cutoffs between what we consider high and low accretion rates significantly
impact the predicted LF. Choosing the same cutoff for the LF modelling that we use for the AGN
feedback, namely χlow = χhigh = 0.01, leads to an overprediction by as much as one order of
magnitude in the LF (left panel of Fig. 4). We are able to curb this excess of sources by allowing
χlow and χhigh to vary as free parameters. The right panel of Fig. 4 displays results for χlow = 0.001
and χhigh = 0.3. Alternatively, one could keep the fiducial value of χlow = χhigh = 0.01 and assume
that only about 10% of the entire AGN population is radio loud, which seems consistent with
observations (e.g. White et al, 2000).

The upper left panel of fig. 5 shows that accounting for radio loud AGN in the prediction for the
1.4 GHz LF gives a better match to the redshift one VLA-Cosmos data (Smolcic et al. 2009) than
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Figure 5: Evolution of the AGN contribution to the 1.4 GHz radio LF for galaxies in the Horizon-AGN sim-
ulation at (top left) z = 1.027, (top right) z = 1.967, (bottom left) z = 3.005,. and (bottom right) z = 3.990.
All predictions are given with the model where χlow = 0.001 and χhigh = 0.3. As in Fig. 3, Mauch & Sadler
2007 observations for the 1.4 GHz LF for radio-loud AGNs are represented by a blue solid line with error
bars indicated in blue shading. Red diamonds show the LF for all galaxies in the Horizon-AGN for which the
simulation is complete (M? ≥ 2×108M�). The solid red line through the symbols denotes the contribution
from low-luminosity AGN, whereas the dashed red line through the symbols indicates the contribution from
radio-loud AGN. Large blue asterices show redshift one VLA-COSMOS data from Smolcic et al. 2009.
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Figure 6: The Horizon-AGN prediction (symbols) at z = 0.056 for the 1.4 GHz radio LF combining contri-
butions to the radio continuum from both star formation and AGN. The Mauch & Sadler 2007 observations
for the 1.4 GHz LF for both star forming galaxies and radio-loud AGNs are represented by a blue solid line
with error bars indicated in blue shading. Red diamonds show the LF for all galaxies in the Horizon-AGN
for which the simulation is complete (M? ≥ 2× 108M�); brown triangles show the LF for all galaxies in
the simulation more massive than 1010M� and with flux greater than 10 mJy. The left (right) panel shows
the simulation results when the Salpeter (Chabrier) IMF is assumed. Both panels use the model where
χlow = 0.001 and χhigh = 0.3 for the contribution from AGN to the radio continuum. The dotted red line
through the symbols indicates the contribution to the LF from star formation, the solid red line denotes the
contribution from low-luminosity AGN, whereas the dashed red line indicates the contribution from radio-
loud AGN.

the star formation contribution alone (upper left panel of fig. 3). Given that black hole accretion
rates are generally higher at higher redshifts (before black holes self-regulate through feedback),
fig. 5 naturally shows that the radio loud AGN contribution to the LF monotonically grows with
increasing redshift while the low-luminosity AGN contribution steadily declines. Note that the bulk
of the evolution occurs for radio loud AGNs with luminosities 1022 W Hz−1 < L1.4GHz < 1024 W
Hz−1 and that it shows no sign of decline even at z = 4. On the other hand, the highest luminosity
radio loud AGNs in the simulation (L1.4GHz > 1024 W Hz−1) show little sign of evolution.

4. Conclusion

Despite the simple empirical calibration we used to estimate radio continuum emission from
star formation and BH accretion rates, the Horizon-AGN simulation gives a reasonable match
(fig. 6) to the observed local 1.4 GHz LF (Mauch & Sadler 2007). As in the observations, star
forming galaxies dominate the LF at low luminosities and radio-loud AGNs dominate at high lu-
minosities. The choice of the IMF changes the prediction of the radio continuum emission fueled
by star formation, and there appears to be a need to suppress the number of both low luminosity
and radio-loud AGNs in the simulations to get a reasonable agreement with the observations. We
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emphasise that predictions of the radio continuum are particularly difficult because the physics of
the radio continuum is complex and only partially modelled in the simulation. We also have to
measure differential quantities: star formation and black hole accretion rates, which are notori-
ously more difficult to capture than their integrated counterparts. Given these caveats, the level of
accuracy reached by this first attempt to estimate the radio continuum from a large volume cosmo-
logical simulation is encouraging. Future observations with the SKA and its precursors will tell if
the evolution we predict for the different contributions of star forming galaxies and AGNs to the
radio continuum LF is plausible.
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