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ABSTRACT

Understanding the evolution of galaxies and in particular their star formation history is a central
challenge of modern cosmology. Future radio telescopes will be able to observe galaxies at extremely
high redshifts and make it possible to constrain theoretical scenarios of galaxy evolution. Along
these lines, it is of crucial importance to have theoretical tools for analyzing the observational data
from future radio surveys. In this paper we present a physical model that explains the correlation
between the non-thermal radio flux and the star formation rate (SFR). This model is based on an
analytical description of the steady-state cosmic ray spectrum including energy losses by ionization,
bremsstrahlung, inverse Compton scattering, synchrotron radiation, and galactic outflows. As cosmic
rays are produced in supernova remnants, their injection rate is proportional to the supernova rate
and thus also to the SFR. When these highly energetic charged particles travel in the magnetized
interstellar medium they emit non-thermal synchrotron radiation. As a result there is a relation
between the SFR and the non-thermal radio emission. A crucial point is that synchrotron emission
can be absorbed again by the free-free mechanism. This suppression becomes stronger with increasing
number density of the gas, more precisely of the free electrons, and with decreasing frequency. We
present an estimate of the critical frequency above which radio emission can be used as a tracer for
the SFR. If the observed galaxy is redshifted, this critical frequency moves along with other spectral
features to lower values in the observing frame. The method can therefore be successfully applied at
high redshift. However, for high redshift, i.e. z = 5, and observations at high radio frequency bands,
i.e. v 2 50 GHz, special caution should be paid, as the observed flux might be dominated by free-free

emission or the thermal contribution.

1. INTRODUCTION

Theory suggests that the first galaxies have formed
at redshifts z between 10 and 15 in atomic cooling ha-
los and developed further through accretion and mergers
(Bromm and Yoshidal[2011} |Conselice][2014; Madau and|
[Dickinson| [2014} [Somerville and Davé |2015). The evo-
lution of a galaxy is influenced by various physical pro-
cesses like turbulence (e.g. [Wise et al[2008; |Greif et al.
2008)), feedback from stars (e.g. |[Ceverino and Klypin
2009)) and active galactic nuclei (e.g. [Bower et al.[|2006;

Hopkins et all[2016), merger and accretion rates (e.g.

Lotz et al.2008|), and possibly also magnetic fields (

mor and Springel|2013)). While the study of galaxy evo-
lution has been a mostly theoretical discipline, modern
telescopes have provided a deep look into the highly red-
shifted Universe. In the Hubble Ultra Deep Field galax-
ies have been detected at redshifts of approximately 8
and above (Bouwens et al|2010; [McLure et al|2010;
Bouwens et al/2011)) and owing to the gravitational lens-
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ing effect, detailed studies are possible for single high-z
galaxies (Ivison et al||2010)). Several surveys have been
performed at radio wavelengths (Garrett| 2002} |Gruppi-|
oni et al][2003} [Appleton et al[2004; [Jarvis et al[[2010]

Sargent et al.|[2010; [Bourne et al|2011)) with the goal of

identifying radio counterparts to infrared sources. These
surveys will soon be complemented by the new genera-
tion of radio telescopes, which will perform exhaustive
surveys of the ’cosmic dawn’. The data sets from the
LOw Frequency ARmyEl (LOFAR) and the Square Kilo-
meter ATmyEl will be extremely important to constrain
theoretical models for galaxy evolution. Hence it is cru-
cial to develop theoretical tools for interpreting spectra
as well as fluxes at single frequencies. In this paper we
explore the possibility to determine the star formation
rate from the galactic radio flux.

The origin of non-thermal radio emission from star-
forming galaxies are synchrotron losses of highly ener-

L http://www.lofar.org/
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getic charged particles, so-called cosmic rays, that spi-
ral around magnetic field lines (Blumenthal and Gould
1970; [Longair|2011). The main source of galactic cos-
mic rays are likely shock fronts in supernova remnants,
where charged particles undergo first-order Fermi accel-
eration (Bell|1978alb; |Drury|[1983} |Schlickeiser|[2002). As
the rate of supernovae is related to the rate at which
stars form, one can expect a connection between galactic
synchrotron emission and the star formation rate (SFR)
(Condon|(1992). This coupling is reflected in the FIR-
radio correlation which has been observed in the local
Universe (Niklas and Beck|[1997; |Yun et al.[2001) and
seems to hold also up to at least intermediate redshifts
(Jarvis et al.|[2010; Sargent et al.|2010; Bourne et al.
2011). The physical interpretation of this correlation is
based on star formation, which is related to cosmic rays,
and thus synchrotron emission, as well as to FIR emis-
sion, which origins from dust heated by stellar UV ra-
diation (Bell |2003} (Groves et al.|2003; [Lacki et al.|2010;
Lacki and Thompson/[2010; [Schleicher and Beck| 2013,
2016; [Schober et al.[2016). When using non-thermal ra-
dio emission as a tracer for the SFR, one needs to be par-
ticularly careful at low frequencies, where synchrotron
emission gets exponentially suppressed by free-free ab-
sorption. This is a consequence of the frequency depen-
dency of the optical depth 7g. In fact, below a critical
frequency vt 7 becomes larger than one and hence the
medium becomes optically thick (Schober et al.|2016]).
As a result there is no correlation of non-thermal ra-
dio emission and the SFR below v... This frequency
depends strongly on the gas density and the ionization
degree in the galaxy. With LOFAR surveys are planned
between the key frequencies 15 and 200 MHz where free-
free absorption can play a crucial role. SKA will be op-
erating at higher frequencies. Surveys with the SKA are
planned at several GHz where the method presented in
this paper should be applicable.

One goal of the future deep surveys is to measure the typ-
ical galactic SFR as a function of redshift. Several trac-
ers of the star formation rate have been suggested in the
literature all across the electromagnetic spectrum (Hao
et al|2011; Murphy et al||2011; Kennicutt and Evans
2012)). Most common are the FIR continuum flux, the
60 pm flux, the Ha flux, and the UV flux. However,
in surveys with the SKA sources will detected for which
only radio fluxes are available, making a radio calibra-
tion of the SFR necessary. Young galaxies typically have
higher SFRs (Madau et al./[1998]) and have higher mean
gas densities. With the free-free processes being sensitive
to the gas density, we expect much stronger absorption
in the early Universe. On the other hand, the critical
frequency below which synchrotron emission is absorbed
shifts to lower values in the observed frame as redshift
increases. As a result, a galaxy at z = 0 for which non-
thermal radio emission cannot be used for estimating the
SFR, can be suitable for this method at high redshift.
In this paper we present an analytical model for the ra-
dio emission of galaxies. The description of cosmic rays
includes a source term related to the supernova rate and
several energy loss channels. Free-free emission and ab-
sorption depend strongly on the optical depth which is
frequency dependent and a function of gas density and
the ionization degree. We use our model to derive vt
below which synchrotron emission is suppressed for dif-

ferent types of star-forming galaxies. The correlation
between the radio luminosity at various fixed frequen-
cies and the SFR is calculated and explored for a large
parameter space. Finally, we employ our model to high
redshifts and then draw our conclusions.

2. PHYSICAL MODEL FOR NON-THERMAL
RADIO EMISSION

2.1. Properties of cosmic ray electrons

Supernova remnants are most likely the birthplace of
galactic cosmic rays, where charged particles gain rel-
ativistic energies through first order Fermi acceleration
in shock fronts (Bell |1978allb; [Drury| [1983; |Schlickeiser
2002). The result of this process is a power law distri-
bution in energy that is observed over more than ten
orders of magnitude (Hillas|/2006|). We concentrate here
on the cosmic ray electrons, as they are responsibly for
the largest contribution to the synchrotron emission due
to their low mass. Shock acceleration leads to the fol-
lowing injected energy of cosmic ray electrons Q. as a
function of the Lorentz factor ~

Qe('Y) = QE,O yX (1)

The power law index y has a typical value between 2.1
and 2.3 (Bogdan and Vo6lk||[1983) and we choose a value
of x = 2.2 for this study.

In addition to primary e™ cosmic rays from supernovae,
secondaries are produced from cosmic ray protons that
decay into pions which in turn decay into e*. For mod-
elling the spectral energy distribution of e* we follow
the work of [Lacki and Beck (2013) that has also been
described in [Schober et al.| (2016]). Taking both contri-
butions into account, the normalization of the spectrum

is

+

207X f. [(m
Qe,O = f z
6 fSCC mC

Here f, =~ 0.4 is the fraction of protons that decay into
pions, fsec & 0.7 is the ratio of secondary and total cos-
mic ray e*, mp and m, are the masses of protons and
electrons, and c is the speed of light. The normalization
of the proton injection spectrum @, ¢ can be directly re-

P
) MeC? Qp.0- (2)

lated to the supernova rate Ngy via

_ EEsnNsn(x — 2)
mpc? 'ygz)x

Qp,o ) (3)

where £ =~ 0.1 is the fraction of the supernova energy
Egn ~ 10°! erg that is converted into kinetic energy
of cosmic rays (Dorfi||2000). The Lorentz factor v, 0 =
10% eV/(mpc?) ~ 1 marks the low energy end of the
cosmic ray proton spectrum.

When traveling through the interstellar medium, cosmic
rays lose energy continuously. The total number N(v)
of et can be described as

al\faet(v) = Qu(y) + % [Te% Ne(v)} ; (4)

where the energy losses are determined by the cooling
timescale 7.. At steady state we find

Qe(v)7e(7)

Ne(v) = Tl (5)
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The different energy loss channels are: ionization (ion),
bremsstrahlung (brems), inverse Compton scattering
(IC), synchrotron emission (synch), and galactic outflows
(wind). The individual timescales can be summarized as

Tion = J y (6)
2.7cor (6.854+0.5 Iny) n

L G

Threme = 3.12 x 107 yr (

cm
3 me C
= ——"—"— 8
4 o7 wisrF Y’ (®)
3 me C

Tsynch = m’ (9)
H

Twind = Vwind (10)
WIin

and result in the total cooling timescale
—1
-1 -1 —1 -1 —1
Te = (Tion + Threms + T1c + 7_synch + 7_wind> ' (11)

Here o1 ~ 6.65x1072% cm? is the Thomson cross section,
up = B?/(8n) is the energy density of the magnetic field
B, ursrr is the energy density of the interstellar radiation
field, n is a gas density, H is the galactic scale height,
Uwind the velocity of the galactic wind +y is the et Lorentz
factor.

2.2. Synchrotron emission in a galactic magnetic field

In the presence of a magnetic field, cosmic rays perform
spiral motions and hence are constantly accelerated. A
single electron with a Lorentz factor v results in the spec-
tral power

Lsynch,u,'y(l/a 'Y) = K5/3(l‘) dz,

V3ed B v /°°
7nec2 Ve (’Y) v/ve(7y)
(12)

where Kj5/3(x) is the modified Bessel function of second

kind and v.(y) = 372 e B/(47 ¢ m.) (see e.g. the review
by Blumenthal and Gould||1970)).

To find the synchrotron emission L, ¢ynen produced from
the full population of cosmic rays one has to integrate
over the cosmic ray distribution, i.e.

oo

Lsynch,u(y):/
X / N(a)(sin(a))XV/2 dQ,. (13)

Lsynch,u,’y (Va ’Y)Ne (’Y) dfy

The last integral over the pitch angle 2, is roughly 8.9
for a cosmic ray spectrum with a slope of x = 2.2 and the
lower limit of the ~ integration is ye,0 = 107 eV /(mec?) ~
20.

We note that the synchrotron luminosity Lgsynch,, is di-

rectly proportional to the supernova rate Ngn, which de-
termines the total number of cosmic rays (see equation
3). As the supernova rate is correlated with the star
formation rate, synchrotron emission can be used to es-
timate a galaxy’s SFR.

2.3. Free-free emission and absorption

At low frequencies and high gas densities, the inter-
stellar medium is optically thick and sychnrotron emis-
sion, holding the information about the SFR, is absorbed.
The optically thick regime is characterized by an optical
depth 7¢ larger than 1. The value of 7¢ depends on the
electron temperature T, the emission measure EF M, and
the frequency v:

T (n, v) =0.082 (1;)_1-35 (M)

() a4

with
EM(n) =~ ne(n)* H fg. (15)

The number density of the free electrons n. can be re-
lated to the gas density via the ionization degree fion:
ne = fionn. The filling factor fg; describes the clumping
of the medium (Ehle and Beck||1993} [Berkhuijsen et al.
2006; Beck||2007)). The critical frequency vyt at which
¢ = 1, determining the transition from the optically
thin to optically thick regime, is

1/2.1
Verit — [ 0.082 E T EM(”) !
109Hz |\ K cm~% pc
(16)

In addition, we also expect a positive contribution to
the radio spectrum from free-free emission. It can be
estimated as

Logw)=2kT,c > AA (1 —e ™) 12 (17)

The parameter A A is the surface area of the galaxy which
depends of course on the galaxy’s size as well as on its
orientation along the line of sight. With a scaling pro-
portional to v? the free-free emission affects the radio
spectrum mostly at high frequencies.

The total spectral radio emission including both, syn-
chrotron emission and free-free effects, is then given as

Ly(V) = Ly gynen(0)e™ ™) 4 L, g (v). (18)

The total luminosity at a fixed frequency vy can be esti-
mated as voL, ().

3. RADIO LUMINOSITY IN THE LOCAL
UNIVERSE

3.1. Basic assumptions, fiducial models, and
parameter ranges

Our model for non-thermal radio emission includes sev-
eral free parameters which vary in different individual
star-forming galaxies. A list containing the typical range
of all the free parameters is presented in Table[l] We dis-
tinguish here two different cases: a normal star-forming
disk galaxy based on the Milky Way and a starburst
galaxy based on M 82. The fiducial values of the free
parameters are listed in the brackets in Table [T}

For determining the synchrotron luminosity the value
of the magnetic field strength B is crucial. The to-
tal magnetic field observed in spiral galaxies is typically
B = 9+2 uG (Beck|2016)), although there are also reports
of nearby bright galaxies with B = 17 + 3 uG (Fletcher
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Table 1
Parameter range and fiducial values
parameter abbreviation normal star-forming galaxy starburst core
(Milky Way) (M 82)
magnetic field strength [puG] B (Bo) 1—20 (10) 10 — 100 (50)
star formation rate [Mg yr=!] My (My ) 0.1-10 (2) 10 — 500 (10)
gas density [cm ™3] n (no) 0.1 —-10 (2) 10 — 1000 (300)
intrinsic ISRF [erg cm ™3] Uint (Uint,0) 10~13 — 10~ 11 (107 12) 10710 — 108 (1079)
scale height [pc] H (Hy) 250 — 1000 (500) 100 — 400 (200)
wind velocity [km s™1] Uwind (Vwind,0) 1 — 100 (50) 10 — 500 (230)
electron temperature [K] Te (Tep0) 5x 103 — 1.5 x 10% (10%) 2.5 x 103 — 10 (5 x 103)
ionization degree fion (fion,0) 0.05 — 0.2 (0.1) 0.05 — 0.2 (0.1)
filling factor fan (fan.o) 0.1 —0.3 (0.2) 0.1 —0.3 (0.2)
Note. — The ranges of the different free parameters we are covering with our model for a normal star-forming galaxy and a starburst

galaxy. Fiducial values (indicated by an index ”0”) for the Milky way and M 82 are given in brackets.
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Figure 1. The critical frequency verit that is defined via 7¢ (verit) = 1 as a function of gas density n. We test the dependency on the scale
height H (top left panel), the filling factor fg) (top right panel), the electron temperature Te (lower left panel), and the ionization degree
fion (lower right panel). The vertical gray line marks the transition from the normal galaxy model to the starburst model where densities

are higher.

2010). Gas-rich galaxies with high star formation rates
have considerably higher field strengths. Beck| (2016])
gives a typical value of B = 20 — 30 puG. In starburst
galaxies values of 50 — 100 uG are observed (Chyzy and
Beckl[2004} Beck et al.|2005; [Heesen et al.|[2011; |Adebahr
et al.f2013]).

The second crucial parameter for the total synchrotron
emission is the number of cosmic rays. The cosmic ray

injection rate is proportional to the supernova rate Ngn
which in turn depepds on the SFR M,. The relation
between Ngn and M, is influenced by the choice of the
initial mass function which determines how many mas-
sive stars are forming. Assuming a Kroupa/ (2002) initial
mass function and a mean mass of stars evolving into
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supernovae of Mgy ~ 12.26 M, we find

) M,
Ny = 0.156 —"—. (19)
Msn

For this study we choose a SFR range between 0.1 and
10 Moyr—?! for the normal star-forming galaxies and 10
to 103 Mgyr—! for the starbursts.

Besides the injection, the continuous energy losses de-
termine the steady state number of cosmic rays. The
number density of the neutral gas plays here a crucial
role. It has been shown that the average midplane den-
sity n decreases exponentially with the galactic radius
(Kalberla and Dedes||2008). To simplify the calculation
we adopt a single mean density of ng = 2 cm ™3 for the
Milky Way, but also study a broader range between 0.1
and 10 cm~2 for disk galaxies in general. Densities are
much higher in starburst cores. For the case of M 82|Col-
bert et al| (1999) report a density of 250 cm ™3 if an 35
Myr old instantaneous starburst is assumed, while the
density can be considerably higher for other scenarios.
We use here ng = 300 cm™ as a fiducial value, but also
consider a larger range of 10 — 103 cm™3.

Losses by inverse Compton scattering are determined by
the interstellar radiation field. In Table [I| we present
the values of the intrinsic interstellar radiation field iy,
which refers to the thermal component of the radiation
field that is typically related to the SFR. For starburst
galaxies sy is considerably higher (uj,; ~ 1072 erg cm ™3
for M 82) than for example for galaxies with low SFRs
(Uins =~ 10712 erg cm =3 for the Milky Way, see e.g.|[Draine
2011)). In addition, we also include the contribution from
the cosmic microwave background (CMB). The latter has
an energy density of ucmp,o ~ 4.2 x 10713 erg cm™3
at redshift z = 0, but becomes more important in the
early Universe. The total interstellar radiation field in
our model is calculated as

UISRF = Uing + uomB,o(1 + 2)*. (20)

losses by outflows (| and additionally determines the
emission measure The thickness of a disk galaxy
shows a correlation with its rotational velocity (Kregel
et al{2002). A typical mean value for the Milky Way is
500 pc (Kennicutt and Evans|[2012; |Rix and Bovy||2013]),
but we also consider a variation of this value by a factor of
2. For compact starburst cores we choose a value of 200
pc (de Cea del Pozo et al.[2009) and again a variation by a
factor of 2. For the free parameter vyin,q we refer to a nu-
merical study of a galactic disk by |Girichidis et al.[ (2016))
which shows that the bulk of the outflow occurs at low
velocities of 20—40 km s~ . However they also observe a
high velocity tail with a few 100 km s~*. We choose for
our Milky Way model a value of vyind,0 = 50 km s7!as
a reasonable fiducial value. For M 82 an outflow velocity
of 230 km s~ ! has been observed (Walter et al.2002).

The free-free optical depth depends on the electron
temperature T, which can be determined accurately from
recombination lines at radio and millimeter wavelengths.
Quireza et al.| (2006) find for the Milky Way a gradient
between 4000 to 13000 K with a mean of T, = 10%
K. Dusty starburst have usually lower excitation tem-
peratures than the Milky Way. For M 82 a value of

The galactic scale height H is important to estimate the
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Figure 2. The spectral total radio luminosity

Lyﬁsynch(u)e_”f(”) + L,g(v) (solid lines), the synchrotron
component L, gynch(v) (dotted lines), and the free-free emission

L, g(v). The fiducial model Milky Way model is shown in the left
panel, the M 82 model in the right panel. The dependency on the
SFR is tested for both cases.

T..0 = 5000 £+ 1000 K has been observed (Puxley et al.
1989) which we adopt as our fiducial value. In addi-
tion the ionization degree, which determines the number
density of free electrons, enters the calculation of 7. A
typical value for the warm interstellar medium is ten per-
cent (Tielens||2005). Also the morphological structure of
the gas distribution, described by the filling factor, af-
fects the optical depth. For our fiducial model we use
fan = 0.3 (Ehle and Beck![1993; Berkhuijsen et al.||2006}
Beck|2007)).

For this study the most interesting wavelength regime is
where the emission is dominated by synchrotron radia-
tion. We note, however, that the free-free flux scales as
S, o< v~%1 while the synchrotron flux scales approxi-
mately as S, o 796, Consequently, especially at high
frequencies, the free-free emission might contribute sig-
nificantly to the total observed flux. The equation for the
free-free emission ((17)) includes another free parameter,
the surface area of the galaxy AA. We employ here a
fiducial value of 1 kpc? for the normal disk galaxies and
a smaller value of 0.1 kpc2 for the compact starbursts.

3.2. Using non-thermal radio emission to estimate the
SFR

If synchrotron emission is not suppressed or the radio
spectrum is contaminated by other sources, e.g. an active
galactic nucleus, the non-thermal radio luminosity can be
used to estimate the SFR. Strictly speaking, the free-free
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Figure 3. The total radio luminosity v9L., (1) as a function of
the star formation rate. From left to right the observing frequencies
are vg = 60 MHz, vg = 200 MHz, and v9 = 1.4 GHz. The fiducial
model is presented in black solid lines. Colored lines refer to the
lower limit (dashed lines) and the upper limits (dotted lines) of
the parameters listed in the plot legend. The parameter ranges are
given in Table [I]

optical depth 7g needs to be less than one at the observed
frequency, which is the case above the critical frequency
Verit @s given in equation . For our fiducial model
based on the Milky Way we find a critical frequency of
Verit & 7.3 x 10% Hz, while vei¢ ~ 8.7 x 10® Hz in the
fiducial starburst case. We compute v as a function of
gas density n and present the result in Figure 1} where
we test the dependencies on the different free parame-
ters. The gas density is separated in two regimes. At
n < 10 ecm ™3 we use the model for a normal star-forming
galaxy, for higher densities the one for the starburst. By
the horizontal blue lines we indicate typical frequencies
at which observations are performed. The strongest de-

pendency of vy is on the density and the ionization
degree. Figure |lf clearly shows that synchrotron emis-
sion is often suppressed in starburst galaxies. Especially
at low observed frequencies, e.g. at 60 MHz, non-thermal
radio emission is no tracer for the star formation rate.
The latter conclusion is confirmed by Figure [2| where we
present the radio spectra for our two fiducial models.
We plot the pure synchrotron emission Lgynch, as dot-
ted lines, pure free-free emission Lg, as dashed lines,
and the total radio luminosity as solid lines. In the up-
per panel the case of a Milky Way like galaxy is pre-
sented. Here the bulk of the spectrum is dominated by
synchrotron emission and the radio luminosity traces the
SFR. In the lower panel we present the starburst case,
where vt &~ 500 MHz. In this case only observations
above ~ 500 MHz can be employed for estimating the
SFR. If the observational frequency is, however, too high,
the result might be affected by the contribution of free-
free emission. The different colors in Figure [2| refer to
different SFRs. As expected from the correlation of the
number of cosmic rays, the synchrotron flux decreases
with decreasing M,.

In Figure |3| the radio luminosities at different fixed fre-
quencies are plotted as a function of the SFR. With 200
MHz, 500 MHz, and 1.4 GHz, we present typical frequen-
cies used in radio observations. Below 10 My yr—! we
use our model for normal disk galaxies, at higher SFRs
the starburst model. The results from the fiducial model
are shown as black solid lines. For normal galaxies the
full parameter range results in a scaling of the radio lu-
minosity with M,. This can be expected, as in this case
all the exemplary frequencies are higher than v (see
Figure. At 200 MHz (upper panel of Figure|3) and ob-
servations of starbursts, non-thermal radio emission can
only be used for extremely low gas densities. For a large
range of the parameter space, no correlation with M,
is expected. Observations at 500 MHz (middle panel of
Figure|3)) are close to the critical frequency for starbursts.
Here synchrotron emission already becomes suppressed,
but a correlation with star formation is still present for
a large range of the parameter space. At 1.4 GHz (lower
panel of Figure [3]) the SFR estimate via radio emission is
possible for the full range of parameters studied in this
paper.

Based on these findings we provide the following fitting
formulae for our fiducial value of the Milky Way like
galaxy at different observing frequencies:

60 MHZ L60 MHz

3.20 x 105
X L®
M. 200 MHz L ;
20229 % 1075 22200 MHz 99
Mg yr=! Lo
1.4 GHz L ,
1.63 x 105 24 GHz L any

Lo

For the fiducial model of starburst cores, we only find a
correlation between the SFR and the non-thermal radio
luminosity for high frequencies. A fit to the M 82 case
yields the following formula:

M 1.4 GHz L ;
M 139 % 10—t 14 GHZ L any.
Mg yr—! Lo

(22)
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Figure 4. The observed spectra of two exemplary starburst galax-
ies: M 82 in the top panel and Arp 220 in the lower panel. The

black dots show the photometric data from the NASA/IPAC FEu-
tragalactic Databas(NED). In the radio regime we indicate the

scaling that results from free-free emission (S, oc v~01) and the

scaling expected from synchrotron emission (S, o v~(x=1)/2

i.e. Sy oc v706 for our power law exponent of x = 2.2). The criti-

cal frequency below which the gas becomes optically thick, v, is

presented as the vertical dotted grey line.
2https://ned.ipac.caltech.edu/

The fitting functions and from our model can be
compared the SFR calibrator reported in [Murphy et al.
(2011). These authors estimate the relation between the
SFR and the integrated IR flux using Starburst99 (Lei-
therer et al.||{1999). By combining this result with the
empirical FIR-radio correlation they find the following
correlation:

M 1.4 GHz L

174 x 1070 2 214 Gl
Mg yr—! Lo

The proportionality factor is close to the one found for

our fiducial starburst case.

(23)

3.3. Application to local galazies

In this section, we apply our model to exemplary local
galaxies for which the SFR can also be estimated from
traditional tracers. We choose the gas-rich disk galaxy
M 51, the core of M 82, which is also our fiducial model
for starburst galaxies, and the core region of Arp 220.
The input parameters are listed in Table 2] Most of the
free parameters are constrained from observations. We
test our model for radio observations at 1.4 GHz and 1.5
GHz which is typically above the critical frequency for
synchrotron absorption (see e.g. Figure . The critical

frequency vt can be calculated from equation . For
M 51 and M 82 the critical frequencies are 9.8 x 106 Hz
and 8.7 x 10% Hz, respectively, and so synchrotron emis-
sion is not suppressed by free-free absorption at 1.4 GHz.
The density of Arp 220 is roughly four times higher than
the one of M 82, and therefore v..i; reaches a value of
2.36 x 10'° Hz, which exceeds an observing frequency of
1.4 GHz.

The observed radio spectra presented in Figure [4| indi-
cate the suppression of synchrotron emission below Ve .
The flux density S, is related to the luminosity via
vL, = vS, 4wd? where d is the distance of the source.
For M 82 the flux density above v scales with ap-
proximately v~ (X~1/2 which is v~ for a scaling of the
cosmic ray spectrum with x = 2.2. This is expected for
synchrotron emission. At frequencies above a few times
10'! Hz, the spectrum is dominated by thermal emission.
The critical frequency, which is indicated as a dashed
gray line, is much higher in the case of Arp 220. Here
synchrotron emission is suppressed by free-free absorp-
tion. At an observing frequency of 1.4 GHz our model
for estimating the SFR should not be used. There are
not many photometric data points above vy and below
the thermal peak for Arp 220. This makes this galaxy
unsuitable for our method. We note that the scaling of
the spectrum at low frequencies is roughly proportional
to v=01. This could be an indication of free-free emis-
sion from the halo along the line of sight, in which the gas
density is lower and thus the gas is less optically thick.
In TablePlthe estimates for the star formation rate of the
different galaxies are listed. We present the results for
M4 GHZ and M5 GHZ for using our full model, i.e. cal-
culating the cosmic ray spectrum and the free-free pro-
cesses with the with the set of observational parameters.
In addition we present the result for the SFR when us-
ing the observed luminosities and the fitting formulas as
given in and .

For comparison we determine the SFR also from com-
monly used tracer, namely the FIR emission which is
thermal emission of dust that has been heated via UV
radiation from massive stars. [Kennicutt| (1998) suggests

the following scaling of M* with the FIR luminosity Lpig

M,

Ly = 5.79 x 10° Ly ———.
Mgyr—1!

(24)

The FIR luminosity equals roughly 1.7 times the lumi-
nosity at 60 pm (Chapman et al.|2000). Hence, the SFR
can be estimated as

60 pm Lgo ym Mgyr—!

M6O pm )
* Lo 1.7 x 5.79 x 109

(25)

In addition we compare to the SFR calibration at 70 pym
(Calzetti et al.[2010):

_ Lo
~ 2.26 x 10710 270w 2
70um Lo (26)
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Table 2
Comparison of our model with other SFR tracers

M 51

M 82

Apr 220

input:

n fom ;
10*

300

(Weis e a1 1)

10% (]Anantharamaiah et al.|[2000)

Te [K] 5 x 10 7500 (Anantharamaiah et al.|[2000
H [pc] 150 200 (Adebahr et al][2013) 1000 (Anantharamaiah et al|[2000
fion 0.1 0.1 0.1
Lan 0.2 0.2 -
B[G] 2 x 10~ (Fletcher et alJ[2011) 5 x 10~° (Klein et al|[1988) -
Uing [erg cm ™3] 1012 109 -
Vwind [km s 50 230 (Walter et al]2002) -
AA [cm?] 1043 104! -
d [pc] 7.97 x 10% (mean from NED)  3.93 x 10% (mean from NED) 7.72 x 107 (mean from NED)
observed fluxes:
S1.4 qrz [Jy] 1.4 (Dumas et al|[2011) 8.67 (Pauliny-Toth et al.|[1966 0.326 (Condon et al|2002)
S1.5 arz [Ty 8.1 (Mulcahy et al.[2014) 6.85 (Williams and Bower|2010) 0.26 (Williams and Bower|[2010)
S70 pm [Jy] - 1630 (Dale et al.|2009 -
S60 pm [Jy] 70.3 (Tuffs and Gabriel[2003)  1313.46 (Soifer et al|[1989) 103.33 (Soifer et al)[1989)
S24 pm [Jy] - 325 (Dale et al./[2009 5.57 (Brown et al.[2014)
SFR from our model:
Verit [Hz 9.8 x 108 8.73 x 108 2.36 x 1010
M4 GHZ o yr—1]0) 0.60 8.14 -
M4 GHz [N foyp—1 0.63 8.13 (118)
ML-5 GHz [pfoyr—1]d 3.65 6.39 -
SFR from other tracers:
6.72 10.12 146
- 7.64 -
2.04 9.29 281
- 15.34 101
Note. — Testing our model for exemplary galaxies. We list the input parameters, the observed fluxes, and the estimate of the SFR

For comparison we list the SFRs

from our model. In brackets we give the estimate from our fitting formulas (21)) or (22)), respectively.
resulting from traditional calibrations: M}-4 GHz (IMurphy et al.”2011l), ME 1 2009), MOV #m (]Chapman et al.l |2000|),

MI% #™ (Calzetti et al|l2010).
2using equation
bfull model

Cusing fitting formulas and
dfull model

9Murphy et al.
Calzetti et al.

2011
2010

03

j=u

and at 24 um (Rieke et al|[2009)P}

‘r24 pm
* 10 € L24um

Mg yr—1 24pm Ly
Moreover, we list the SFR estimate from the empirical
1.4 GHz calibration suggested by Murphy et al.| (2011))
(see equation [23).
For the case of M 51 our model yields =
0.6 Myyr~!, both for the full calculation and the fitting
formula, and M*15 GHz — 3.65 Moyr~!. These values
are are comparable to the one from the 60 ym emission,
which yields M2° ™ = 2.04 Mgyr—'. The calibration by
[Murphy et al|(2011]) results into a slightly higher value of
6.72 Moyr—t. Also for M 82, which is our fiducial star-

~7.84 % 10” (27)

M:A GHz

3 We note that the luminosities with an index, e.g. L7oum and
La4um are spectral luminosities with the units erg/(s Hz). These
need to be multiplied with the observing frequencies ¢/70um and
¢/24pum, respectively, to gain the physical luminosities with the
units erg/s.

s MI4GHz /(Mo yr=1) &~ 1.74 x 1074 1.4 GHz L1 4 guz/Lo
S MO PR /(Mg yr1) & 2.26 x 10710 ¢ Lygum/(7T0um Lg)
Chapman et al| (2000): M0 #™ /(Mg yr—1) & 2.94 X 10710 ¢ Lgum/(60pum L)
Rieke et al|(2009): MZ* *™ /(Mg yr=1) ~ 7.84 x 10719 ¢ Logym/(24pm L)

burst galaxy, our estimates, ]\.4*1~4 GHz — 814 Moyr—!

and M,}‘r’ GHz — 6.39 Moyr~!, are in agreement with the
calibrations from literature. As mentioned before, Arp
220 is not a good candidate for the SFR estimate pre-
sented in this paper. Because of the high value of v,
synchrotron emission is suppressed at 1.4 GHz and thus
we expect no correlation with star formation at this fre-
quency. Ignoring this condition and estimating the SFR
with the 1.4 GHz flux results into 118 Mgyr~! which is
about a factor of three smaller than the estimate via the
60 pum emission and comparable to the one from the 24
pm emission. The deviations can, however, be larger de-
pending on the contribution from free-free and thermal
emission. In general, our physical model for the relation
between radio emission and the SFR coincides well with
traditional SFR tracers.

4. OBSERVATIONS OF HIGHLY REDSHIFTED
GALAXIES
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Figure 5. The spectral total radio luminosity L, for our fidu-

cial model of the Milky Way (black lines) and M 82 (blue lines).
Different line types correspond to different redshifts z.

An important goal of the upcoming radio telescopes

is to study galaxies at early times and their evolution
to the present day. Theory predicts young galaxies to
be smaller and denser and to have higher star formation
rates than their local counterparts. Observations at high
redshifts are crucial to constrain theories of evolution of
galaxies and galactic star formation.
Hypothetically, when moving a galaxy of fixed density
and star formation rate to higher redshift, one expects
two effects on the resulting radio luminosity. First, the
number of cosmic rays is reduced, as they lose energy
faster via inverse Compton scattering with the stronger
CMB. This results in less synchrotron emission and thus
needs to be taken into account when estimating the SFR.
Second, spectral signatures, like the critical frequency,
move to smaller v in the observed frame. In fact the
critical frequency in the observed frame is

1/2.1
Verit,obs o 1 0.082 % 0 EM(TL) /
10°Hz 142z \ K cm~6 pc

(28)

Consequently, non-thermal radio emission from highly
redshifted galaxies can be used also at lower frequencies.

Figure [5| shows how the spectra change with increasing
redshift for the Milky Way model (black lines) and the
M 82 model (blue lines). The critical frequency, i.e. the
turnover of the spectrum, shifts to smaller v as z in-
creases. For our fiducial starburst galaxy non-thermal
radio emission cannot be employed as a SFR tracer at 60
MHz and z = 0, while it becomes possible again at the
same v and z = 5. For the starburst case, the normal-
ization of the spectrum is not affected significantly by
higher redshift, as the intrinsic radiation is very strong
compared to the CMB, also at z = 5. Similarly, Figure
[6] presents how vt decreases with increasing redshift.
Hence, a galaxy which is no candidate for our method
in the local Universe, can show a correlation between
the SFR and the non-thermal radio emission if it was
at higher redshift. This is blueillustrated in Figure
where we show how the correlation of radio luminosity
at different fixed observed frequencies is reestablished as
z increases. We note here, that the total radio lumi-

10—
9 E =
ot 3
Eﬁ 7 E =
2 E 3
6F 3
5 bl i ]
-1 0 1 2 3

log(n fem™?))

Figure 6. The critical frequency v it below which the optical
depth 7¢ < 1 as a function of the gas density n. We present the
result for the fiducial galaxies at different redshifts z.

nosity decreases with z, as the number of cosmic rays
is reduced by stronger inverse Compton losses. This ef-
fect is less important for starbursts, as they host a very
strong intrinsic interstellar radiation field, which is much
stronger than the CMB up to high redshifts.

Detailed observations of highly redshifted galaxies are

possible if they are gravitationally lensed by massive
foreground galaxy clusters. For example, Ivison et al.
(2010) estimate the properties of SMM J21350102, also
known as the cosmic eyelash, which has a redshift of
z = 2.3. They report a density of n = 103 cm™3. As-
suming a scale height of 100 pc, which is based on an
estimate of the galaxies star forming regions (Swinbank
et al.|2010), an electron temperature of T, = 5000 K,
fion = 0.1, and fgn = 0.2, we find a critical frequency of
Verit = 5.94 x 108 Hz. Inserting a spectral radio luminos-
ity of L14 iy = 9 x 103> W Hz™! (Ivison et al.|2010)
into the fitting formula yields a SFR of 456 Moyr—1.
This is comparable to the estimate of 400 Myyr—! based
on the intrinsic rest-frame 8-1000 pm luminosity (Ivison
et al.|[2010]).
One potential caveat for using radio emission to study
star formation at high redshift, is that in future deep sur-
veys also a large number of active galactic nuclei (AGNs)
will be seen. They can dominate the radio regime and
will make it impossible to estimate the star formation
rate of their host galaxies. Galaxies hosting an AGN can
be excluded from the data set by identifying them with
X-ray observations (Treister et al.[[2009) or by detect-
ing radio jets if the latter can be specially resolved. In
addition, the thermal component of the radio spectrum
moves to lower frequencies in the rest frame. If the crit-
ical frequency is too close to the thermal emission our
SFR estimate will not be good.

5. CONCLUSION

In this paper we studied the conditions under which
non-thermal radio emission can be used to estimate the
star formation rate. The underlying physical connection
between the two quantities are cosmic rays, which are
produced in supernova shock fronts and thus are linked
to a galaxy’s SFR. These high-energy charged particles
emit synchrotron radiation when traveling through the
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Figure 7. A test of the correlation between radio luminosity vL,

and the star formation rate Mg. We explore different observed
frequencies and the luminosity at redshift z = 0 (black lines), z = 2

(blue lines), and z = 5 (orange lines). Except for z and Mg all
free parameters used here are for the fiducial galaxies.

magnetized interstellar medium. Here we have derived
an estimate of the galactic radio luminosity as a function
of the SFR. The main results of this work are:

e Synchrotron emission is proportional to the star
formation rate. The main dependency results from
the production of cosmic rays which takes place in
supernova shock fronts and is thus related to the
supernova rate, which in turn scales as the SFR.

o If the gas density is too high, however, synchrotron
emission is absorbed by the free-free process. This
absorption is especially important at low frequen-
cies. In fact, below a critical frequency vt (see
equation radio emission cannot be employed

for measuring SFRs at very low frequencies.

e At high redshifts, the observed radio spectrum and
with it the critical frequency moves to lower fre-
quencies (see equation . Here radio emission
can again be used to determine SFRs also for dense
young galaxies.

different frequencies is described by equation |
In addition, we provide simply fitting formulae for
normal disk galaxies and starburst systems in equa-

tions and .

Our method should be a useful tool for future deep ra-
dio surveys, for example with the SKA. Most surveys
will be performed at a fixed observing frequency. With-
out the information from the spectral flux distribution,
special caution is required. First of all, the critical fre-
quency Vit should be estimated, see equation for
local observations and equation for the high-z case.
Our estimate for the SFR should only be applied if the
observing frequency is above . Otherwise the syn-
chrotron emission is absorbed and the radio flux is not
correlated with the SFR. The latter can then be esti-
mated with the fitting formulas given in equations
for normal disk galaxies and in equation for star-
bursts.

We note however, that our model includes several free
parameters which are summarized in Table While
the fitting formulas given in equations and are
for our fiducial cases, the accuracy can be increased if
additional parameters of the galaxy, like the gas den-
sity and the scale height, are known. Additionally, the
thermal and the free-free contribution might be impor-
tant especially at higher radio frequencies, or at even
at lower frequencies if the spectrum is highly redshifted.
The latter contributions depend on the galaxy’s temper-
ature and surface area. For example, the thermal peak
in the spectrum of the starburst galaxy Arp 220 occurs
above approximately 100 GHz (see Figure . In the ob-
served spectrum of a similar galaxy at z = 10, the flux
would be thermally dominated already at frequencies of
9 GHz. Additionally, the presence of an AGN should be
excluded, which could easily dominate the galactic radio
emission. We have applied our method to first exem-
plary test galaxies which are presented in Table [2 The
SFRs determined from non-thermal radio emission are
comparable the ones resulting from the FIR flux which
is a more traditional tracer of star formation.

e The relation between SFR and radio luminosit#at
15)
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