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The observed correlation between the far-infrared and radio luminosities of galaxies illustrates the close
connection between star formation and cosmic-ray production. Intriguingly, recent gamma-ray observa-
tions indicate that recycled/millisecond pulsars (MSPs), which do not trace recent star formation, may also
efficiently accelerate cosmic-ray electrons. We study the contribution of MSPs to the galactic nonthermal
radio emission, finding that they can dominate the emission from massive quiescent galaxies. This model
can explain recent LOFAR observations that found a peculiar radio excess in galaxies with high stellar
masses and low star-formation rates. We show that MSP-based models provide a significantly improved fit
to LOFAR data. We discuss the implications for the radio-far-infrared correlation, the observation of radio
excesses in nearby galaxies, and local electron and positron observations.
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I. INTRODUCTION

The radio-far-infrared (FIR) correlation is a cornerstone
in our understanding of star-formation and cosmic-ray
physics. Throughout their brief lives, massive stars produce
bright radiation that is absorbed by interstellar dust and
reemitted in the FIR. In their violent deaths, these stars
produce shocks that accelerate charged particles to GeV and
higher energies. These cosmic rays lose energy via had-
ronic, inverse-Compton, and synchrotron interactions, pro-
ducing a bright nonthermal radio flux, among other
emissions. The close correlation between nonthermal radio
and FIR emission has been found over a wide range of
galactic masses and star-formation rates [1-19]. A similar
correlation has been found between the gamma-ray and FIR
fluxes, providing additional support for the cosmic-ray
origin of the radio emission [20-22].

The increasingly high precision of radio and infrared
measurements has isolated several confounding variables,
including environmental effects [23] and active galactic
nuclei (AGN) contributions [24,25], and produced resolved
analyses of the radio-FIR correlation within galaxies [26—
31]. Intriguingly, observations have detected dispersion in
the radio-FIR correlation in the least luminous star forming
galaxies (SFGs). Early studies of low-luminosity galaxies
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found that both the FIR (due to ineffective dust absorption)
and radio (due to ineffective cosmic-ray trapping) fluxes
fall below predictions based on calorimetric models (which
require that both ultraviolet photons and cosmic rays lose
all their energy in the galaxy), implying the breakdown of
calorimetry. Thus, a “conspiracy” of factors should exist to
maintain the radio-FIR correlation over such a large
dynamic range [32,33].

Because the FIR flux may not always trace the star
formation rate (SFR) accurately, many studies have included
optical and UV measurements to better probe the physical
correlation between star formation and nonthermal emission
(e.g., Refs. [34-40]). The radio-SFR correlation is expressed
as L, « SFR?, where L, is the radio luminosity, and « is the
power-law index. Recent observations find @ exceeding unity
(e.g., [34-36,38,40]), which can be attributed to increasing
cosmic-ray confinement and synchrotron radiation efficiency
in rapidly star-forming systems (e.g., [41,42]).

In these studies, the radio flux has been attributed to
supernova remnants (SNRs) and normal pulsars, both of
which trace recent star formation. However, recent gamma-
ray observations suggest that recycled, millisecond pulsars
(MSPs) can efficiently convert their power to cosmic-ray
electrons and positrons [43], possibly supplying additional
power to the galactic nonthermal emission. Unlike SNRs
and normal pulsars, MSPs first evolve through long-
lived low-mass x-ray binary (LMXB) phases [44] and then
slowly spin down over ~Gyr timescales [45,46]. Thus, the
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MSP luminosity depends on the integrated SFR over the
last ~1-10 Gyr, and can be important for massive quies-
cent galaxies.

Interestingly, this result coincides with a recent obser-
vation by Giirkan et al. [39] (hereafter, G18), which found
excess radio emission in galaxies with low star-formation
rates compared to expectations from the radio-SFR corre-
lation. Splitting their galaxy catalog into two components,
they found that the trend is most pronounced in galaxies
with total stellar masses that exceed 10°> My, indicating
that galaxy mass may play an important role in determining
the total radio luminosity. While several effects, including
contributions from AGN, pulsars, or Type-la SN were
briefly mentioned, there is, at present, no clear explanation
for this observation.

Here, we show that radio emission from MSPs may
significantly contribute to (and even dominate) the radio
luminosity of high-mass/low-SFR galaxies. We also pro-
duce the first quantitative fit to LOFAR data using models
that include MSPs, finding that our model formally
improves the fit. The paper is outlined as follows. In
Sec. II, we present theoretical estimates for the radio flux
from SNRs, normal pulsars, and MSPs. In Sec. III, we
explain our methodology for fitting the LOFAR data. In
Sec. IV, we show the results of our analysis, and, in Sec. V,
we discuss the implications of our results.

II. THEORETICAL MODELS FOR RADIO
EMISSION FROM SNRs AND MSPs

In ordinary galaxies, the dominant source of the diffuse
nonthermal radio flux is due to the synchrotron emission of
relativistic electrons in weak (~uG) galactic magnetic
fields. Here we consider production within discrete
sources, which could be important in quiescent galaxies.
In Secs. I A-II D, we estimate the radio emission from
each source class, showing that electrons from MSPs can be
important in quiescent galaxies. In Sec. Il E, we discuss the
conversion of this electron power into synchrotron emis-
sion and summarize our radio emission model. In Sec. I F,
we qualitatively describe the expected modification of the
radio-SFR correlation by MSPs.

A. Supernova remnants (primary)

Core-collapse supernovae inject ~10°! erg of kinetic
energy into the interstellar medium (ISM), a subdominant
fraction of which (roughly 73N ~ 1073) is used to accelerate
ambient electrons to relativistic energies [47-49]. To
calculate the SNR flux in an SFG, we assume an SFR-
dependent core-collapse supernova rate of 0.015y yr~!
[50], where w is the galactic SFR in My yr~'. This
produces a steady-state electron injection power of

' nSN
SNPmM _ 5 5 1038y, (ﬁ) ergs. (1)

B. Supernova remnants (secondary)

SNRs also produce a significant population of nonthermal
protons, which carry a much larger fraction (73N ~ 0.1) of
the supernova kinetic energy. These protons can sub-
sequently interact with the interstellar medium to produce
pions, which promptly decay to produce secondary par-
ticles, including electrons and positrons (hereafter, elec-
trons). The fraction of proton power transferred to pions is
denoted f,,, and depends on the mass, density, and
diffusion properties of the specific galaxy. In the
Milky Way, measurements of gamma-ray emission indicate
that f,, is approximately 0.03 [51].

In each collision, approximately 1,/6 of the initial proton
energy is converted into relativistic electrons, while the rest
is converted primarily into secondary protons, neutrinos
and gamma rays. Therefore, the total electron power
produced via these “secondary” electrons is

SN f m
.sec 37 pp p -1
e =8x 10 U/(F) <0—1> ergs . (2)

Thus, the conversion of SNR power to electron power has a
total efficiency £ 73" f . If this exceeds 75", then synchro-
tron emission from secondary electrons dominates the
galactic synchrotron emission. Because 77, is unlikely to
significantly vary between galaxies, the efficiency f,,
determines the dominance of primary or secondary elec-
trons. The efficiency f,, is higher for galaxies that can
confine cosmic rays longer, and which have higher colli-
sion rates between cosmic rays and dense interstellar gas. It
is generally expected that f,, eventually approaches unity
(the calorimetric limit) in the strong magnetic fields and
high densities of the most intensely star-forming gal-
axies [33,52].

This transition is consistent with gamma-ray observa-
tions of intensely star-forming galaxies, which indicate that
the gamma-ray-FIR correlation exceeds unity, with L, o
Li® [21]. This suggests that f,, scales as ~y"'8. The
value of f,, is also estimated for nearby galaxies: it is ~1%
for the Small Magellanic Cloud [50], on the order of 10%
for nearby starbursts M82 and NGC253 [53], and may
reach unity for ultraluminous infrared galaxies like Arp220
[54]. This indicates that secondary electrons are generally
subdominant for quiescent galaxies but can dominate in
starburst sources [33,55].

In the following, we assume a scaling between f,,
and y:

Fop = app‘/’ﬁ”" (3)

C. Normal pulsars

Neutron stars are born as the remnants of core-collapse
supernovae, with a rotational energy on the order of
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10%(P;/150 ms)~? erg, where P; is the initial rotational
period of the pulsar. Over their lifetimes, these pulsars spin
down, and their rotational energy is released as a relativistic
wind of magnetized e*e™ plasma (the pulsar wind). This
interacts with the ambient medium to create a shock where
ete™ are accelerated to very high energies to produce a pulsar
wind nebula (PWN). Recent studies of nonthermal gamma
rays around evolved pulsars (“TeV halos”) have shown that
pulsars convert a large fraction (PR ~ 10-30%) of their
spin-down power into e e~ pairs [56,57]. Assuming that the
pulsar production rate is equivalent to the supernova rate, we
obtain a steady-state electron power:

PSR _— 5 w1037 Pi -2 nleDSR 1 4
Q7 =5x10% 1557 ) Lo ) ees )

From a comparison of Egs. (4) and (1), the pulsar
contribution is subdominant to the primary electron flux
from supernovae. However, there are multiple uncertainties
(most importantly in #ESR and P;) that may affect this
conclusion. In particular, the average value of (P;)~2 is
relatively unconstrained by pulsar statistics, which induce
significant uncertainties in this estimate (e.g., [58,59]).

It is important to note that the comparison between SNR
and pulsar energetics is also energy dependent. PWNe
typically have a flat radio spectrum (d1In F,/dInv ~ —0.2)
[60,61]. This indicates that radio-emitting electrons have a
hard spectrum (dInN,/dInE, > =2), i.e., that most of the
energy is contained in higher-energy electrons that typi-
cally radiate x rays. In contrast, SNRs are energetically
dominated by low-energy electrons (dInN,/dInE, < —2)
that typically produce radio emission. Since our study
focuses on LOFAR observations at 150 MHz, SNR con-
tributions are likely more dominant in our study, compared
to studies conducted at GHz frequencies. However, because
we study only the integrated radio flux at a single
frequency, our model cannot, in principle, differentiate
these components.

Radio pulsars also directly produce pulsed and beamed
radio emission. However, the fraction of the power carried
by this emission is negligible, ~10~* [62].

D. Recycled/MSPs

The time dependence of MSP cosmic-ray injection is
different from every other source of galactic cosmic rays.
While emission from core-collapse SNe and normal pulsars
[Egs. (1), (2), and (4)] depends on the current star-
formation rate (y), MSPs first evolve through long stel-
lar-binary and LMXB phases, and inject cosmic rays only
after a significant time lag. Moreover, MSPs continue to
accelerate nonthermal electrons over a long spin-down
timescale, with a spin-down power that is relatively
constant over ~10(P;/5 ms)?(B,/10%° G)~% Gyr, where
B is the magnetic field strength [63,64]. Thus, the cosmic-
ray injection from MSPs traces the average star-formation

rate () over the last ~10 Gyrs. Indeed, MSPs are impor-
tant sources of gamma-ray emission from globular clusters
[65,66] and the Galactic bulge [64,67], which indicates that
they can power old stellar systems.

While  is not typically known for most galaxies, the
total stellar mass (M) serves as an excellent tracer of star-
formation over long timescales. Indeed, stellar mass is
commonly employed as a tracer for the total population of
LMXBs, which are the primary progenitors of MSPs [68—
71]. We assume that the total power from MSPs (QMSP)
also correlates with the mass.

Because there are significant uncertainties in the transition
from the LMXB to MSP phase (and thus their relative rates),
we normalize the MSP population using gamma-ray obser-
vations of Milky Way MSPs. Recent work by Ref. [72]
attempted to address the effect of incompleteness in the
observation of dim MSPs, and estimated the total luminosity
of galactic MSPs to fall between (0.5-3) x 10%® ergs™!,
which is consistent with previous studies [73-75] (see,
however, Ref. [76], which finds a smaller value). Here,
we normalize the total luminosity as L)V = LM%
10°® ergs™'. The stellar mass in the Milky Way disk is 5 x
10' M, [77], which suggests the following relation:

MSP _ 5 o 1038 MW M, ny \ 7! -1 5
total — ~ X 38 m 01 ergs™, ()

where 7, is the conversion efficiency from spin-down power
to gamma-ray luminosity, estimated to be ~10% [78].

These estimates do not include a contribution from
Galactic globular clusters, which might enhance the total
gamma-ray luminosity from the Galaxy. We also note that
the Milky Way value may not be typical. Studies of the
LMXB population by Ref. [79] found that, while LMXBs
are expected to trace stellar mass, the LMXB population of
the Milky Way is roughly 2.5 times smaller than a chosen
population of nearby Milky Way analogs. In particular,
morphological analyses of the M31 galactic bulge indicate
that the MSP population of M31 may be up to a factor
of 4 larger than expectations based on Milky Way mod-
els [72,80].

The power and spectrum of electrons produced by MSPs
are highly uncertain, both theoretically and observationally.
As in the case of normal pulsars, a substantial relativistic
electron population is accelerated within the strong electric
and magnetic fields of the pulsar magnetosphere. Notably,
despite magnetic field strengths that are several orders of
magnitude smaller than normal pulsars, the gamma-ray
spectrum of MSPs and normal pulsars is almost identical,
indicating that they may also accelerate similar electron
populations. However, unlike normal pulsars, MSPs rarely
produce bright PWNe [81-83], and thus the relativistic
electrons may not be subsequently accelerated by a
termination shock. This also indicates that electron energy
losses due to the adiabatic expansion of the nebula and
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synchrotron cooling inside it are much less important for
MSPs, allowing a larger fraction of the injected power to be
released into the ISM. Thus, it is likely that the ISM
electron spectrum produced by MSPs differs substantially
from that produced by normal pulsars.

The conversion efficiency 7M5? is uncertain, and a wide
range of values from a few percent to 90% have been tested
in the literature. To date, the most stringent constraints on
7MSP come from observations at TeV scales. A recent study
of the globular cluster M15 by the MAGIC collaboration
suggests an efficiency less than 30% [84] for a power-law
injection, though it should be noted that frequent stellar
interactions in the cluster may significantly suppress the
particle production by MSPs [85]. Observational studies of
TeV emission around Galactic MSPs suggests that the value
of 5P might be ~10% [43]. Importantly, neither of these
observations can strongly constrain the efficiency at the
GeV scales that are most important for 150 MHz radio
observations.

The lack of PWNe around MSPs makes it difficult to
constrain their nonthermal electron spectra. Previous stud-
ies of nonthermal electron production in MSPs have used a
diverse set of models with a wide range of parameters [85—
95]. For our analysis, which uses radio emission at only one
frequency (150 MHz), changes in the electron spectrum
and the electron acceleration efficiency are degenerate.
Thus, we absorb the uncertainty in the MSP spectral shape
into the parameter 757, writing the total electron power
from MSPs as

OMSP — 9 1037ngw< M. ) (”ysp) ergs™.  (6)
107 M 1y

While the contribution of MSPs is subdominant in
typical galaxies, it becomes important whenever

MSP M -1
2 () o) () 220 0
1, 10" Mg /) \1 Mg yr

For galaxies with low specific SFR (SSFR; SFR/mass), the
contribution of MSPs can be dominant. Intriguingly, this is
the region (M, > 10°3 My, and y < 1072 Mg, yr~!) where
LOFAR has identified a radio excess.

E. Modeling the synchrotron luminosity in SFGs

In previous subsections, we developed quantitative
models for the total electron power from each source class,
but thus far we have only qualitatively discussed the
production of synchrotron radiation from these popula-
tions. There are three effects at play. The first is the energy
dependence of the electron spectrum, which affects the
fraction of the synchrotron power that is emitted at
150 MHz. The critical frequency for synchrotron radiation
is given by

E,\*( B
=80( =< () MHz, 8
v (G6V> (6 ﬂG) ’ ®

which indicates that GeV-scale electrons are most efficient
at producing the 150 MHz radio emission studied here. The
fraction of the total electron power that is stored in
150 MHz emitting electrons, y;s9, strongly depends on
the spectrum injected by sources.

The second effect pertains to competitive electron
energy-loss mechanisms, including inverse-Compton scat-
tering, bremsstrahlung, and ionization. The relative con-
tribution of each component can be evaluated from their
cooling timescales (e.g., Ref [96]):

_1n B -3/2
tsyn =26x 108 yrl/ls({ (ﬁ s

B \12/ w -1
e =23 x 108 yro i —= ] (—RE_) |
1 Yhiso \g uG leVem™

N -1
Torems = 1.1 x 108 yr(ﬁiﬁ) y

B \-1/2 n -
B 12 £
fion = 4.8 x 10° yru 5, (ﬁ) <W> . 9)

where v57 is the observation frequency in the unit of
150 MHz and the assigned galactic properties correspond
to their average value over the cosmic-ray confinement
volume. Also, we assume that inverse-Compton scattering
proceeds in the Thomson regime, which is valid for GeV-
scale electrons. The total cooling time, 7, iS estimated as

1 1 1 1 1
=t —t—t—. (10)
Leool t syn fic Torems Tion

The relative contribution of each cooling process
depends on the electron energy, as well as ng,, B, and
wisre- 1If we adopt typical Milky Way parameters, e.g.,
Ngas 0.3 cm™, B ~6 uG, and wiggp ~ 1 eV cm™, then
the electrons that produce 150 MHz radio emission cool
primarily via bremsstrahlung. In many galaxies, the mag-
netic field in synchrotron-emitting regions is found to be
B~ 10 G under the assumption of cosmic rays and
magnetic field equipartition [97] (see, however, an argu-
ment against equipartition models in starburst galaxies
[98]), suggesting that synchrotron losses are important. Our
focus on quiescent galaxies may motivate adopting target
densities more consistent with massive elliptical galaxies
that have lower gas densities, ~107> cm™ [99], so then
bremsstrahlung and ionization losses may become unim-
portant. However, the magnetic fields of these galaxies are
not tightly constrained.

The third effect pertains to cosmic-ray escape, which
competes with each energy-loss process. In the Milky Way,
measurements of radioactive cosmic-ray nuclei indicate
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that GeV-scale cosmic rays are confined over a timescale of
tese ~ 108 yr [100,101], which indicates that GeV leptons
lose most of their energy, although there are alternative
models that suggest much shorter escape times [102,103].
We note that in small galaxies that do not efficiently confine
cosmic rays within their bulk, self-confinement near
sources may be important [104—110].

The competition between cooling and escape sets the
lifetime of cosmic rays in galaxies to be

1 1 1
—=— , (11)

life Tese Teool

which is related to the conversion efficiency of the injected
electron power to the synchrotron radiation as

t
fsynzﬁ’ (12)

tsyn

which depends on the cosmic-ray confinement time,
magnetic field strength, and radiation/gas densities. Most
naively, fq, 1s expected to be higher for more massive
galaxies that confine cosmic rays for longer times. In the
following, we assume a scaling between f, and M,:

M* ﬁsyn
fsyn = Ogyn (m) . (13)

In steady state, the radio luminosity of an SFG is the
product of the injection rate of nonthermal electrons (Q,)
and fy,. The total 150 MHz luminosity can be expressed as
the sum of contributions from different source classes:

Liso = fsynZ)(ipoiﬂ (14)

where s denotes the source class, Q7 is a function of y and
M, [Egs. (1)=(2), (4), (6)], and y{5, depends on the source
electron spectrum and the galactic magnetic field.

Combining Eqgs. (1)-(4), (6), and (13)—(14), we represent
the components of the radio luminosity with the following
functional forms:

L5y Mf“y“y/: SNR primary (and normal pulsars),
Lyso & MP"y*Por: SNR secondary,
Lyiso o ML MSP. (15)

In Sec. IV, we use these to fit the LOFAR data and constrain
the free parameters in our model.

Finally, we note that low-frequency radio emission can
be affected by free-free absorption by ionized gas. For
typical galactic densities, the 150 MHz radio emission is
not affected [111-115]. However, in dense starburst gal-
axies, this can significantly reduce the 150 MHz luminosity
[116,117].

F. A schematic illustration of the effect
of MSPs on the radio-SFR correlation

In this section, we qualitatively describe the expected
modification of the radio-SFR correlation induced by
MSPs. In Fig. 1 (top) we show the expected modification
to the radio-SFR correlation in a scenario which includes
MSP contributions. Specifically, the figure depicts the sum
of two source terms, from SNR [Eq. (1)] and MSP [Eq. (6)],
with scatter that mimics source-to-source variation in f,
[Eq. (12)]. Note that we ignore the dependence of f,,, on y
and M, here.

This figure highlights two aspects of our model. First, the
effect of MSPs should be pronounced only in massive and
low-SFR galaxies, as quantified in Eq. (7). Therefore, MSP
contributions can be clearly seen by splitting the sample
into mass bins. Second, there should be source-to-source
scatter due to galactic variations in the properties that affect
the cooling of high-energy electrons [see Eq. (9)].
However, theoretical modeling of the luminosity variation

log(Luminosity)

-""SNR only

-4 -3 -2 -1 0 1
l0910(SFR [M yr—1])

SNR+MSP

log(Luminosity / Stellar Mass)

MSP (L « M)
~"SNR (L « SFR)
-14 -13 -1z -11 _ -10 -9
logio(specific SFR [yr~1])
FIG. 1. A schematic illustration of how MSPs can modify the

radio-SFR correlation. While the radio-SFR correlation is domi-
nated by the SNR in active galaxies, MSPs can dominate the flux
of quiescent galaxies. This trend is particularly true for high-mass
galaxies.
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would require knowledge of the dispersion in the physical
parameters of quiescent galaxies, which is largely uncon-
strained by observations.

Since the radio-SFR plot hides the masses of each
galaxy, it may be useful to plot luminosities and SFRs
scaled by stellar masses. Figure 1 (bottom) illustrates a
schematic expectation for luminosity/M,-SFR/M, plane.
As the injection by MSPs is proportional to M, we would
expect a plateau in this plane, if we ignore the dependence
of fyn on mass and SFR. In addition, in this projection the
transition point from SNR to MSP domination is uniquely
determined by the efficiency 7M5° [see Eq. (7)] without any
degeneracy with the radiation efficiency fy,. Therefore,
this plot would be useful to assess the contribution of MSPs
to the galactic radio emission.

III. DATA ANALYSIS

In this section, we develop a method for comparing our
models with the LOFAR data. First, in Sec. III A, we
briefly describe the dataset used in this work, and then in
Sec. III B, we introduce our fitting methodology.

A. Dataset

We utilize the flux densities, SFRs, and stellar masses
of 15088 galaxies analyzed by G18. We refer the reader to
Ref. [39] for critical information regarding search strat-
egies, catalog choices, and instrumental systematics, but
we summarize the key features here. G18 obtained flux
density measurements for these sources from the
HATLAS/NGP field survey, spanning the redshift range
0 <z <0.6, and then utilized a multistep process to
isolate SFGs.

First, they identified radio-loud AGN by utilizing the
radio source catalog constructed by Ref. [118]. Then, they
divided the remaining sources into SFGs, composite
systems, Seyferts, low-ionization nuclear emission-line
region, and ambiguous sources, utilizing a modified
Baldwin-Phillips-Terlevich (BPT) diagram focused on four
emission lines: [NII]A6584, [SII]A6717, HB, OIIA5007,
and Ha. The necessity of a clear detection for each
emission line sets a flux threshold that weights the sample
toward systems observed at z < 0.25. They fit multiwave-
length photometric data with the MAGPHYS code to derive
SFRs (averaged over the last 100 Myr) and the galactic
stellar mass. Sources with bad MAGPHYS fits were removed
from the analysis. In the end, 3907 SFGs were analyzed by
Ref. [39], and we use the same population in the following.

We note that 6370 of 15088 sources analyzed by G18
cannot be classified by BPT diagram due to the lack of
clearly detected emission lines. Because these sources can
be contaminated by AGN emission, we do not use these
unclassified sources in the main analysis. However, G18
find that they typically have low SFRs and high masses,
where we expect that the contribution from MSP can be

important. In Appendix D, we use these unclassified
sources later to test the robustness of our results.

B. Model comparison

To examine the role that MSPs play in the production of
150 MHz radio emission, we produce several models
utilizing the source classes described in Secs. II A through
IID. First, we follow G18 and utilize a straightforward
model for the radio-SFR correlation:

] model — awﬁ’ (16)

where £ is the index of the correlation, « is a normalization
factor, and L™%! is the expected 150 MHz radio lumi-
nosity. For an alternative model, we add a mass-dependent
term.

Lmodel — oy MY (17)

In addition to these two empirical models, we construct
two physically motivated models based on the source
classes discussed in Secs. II A through IID. The first
has only terms depending on the prompt SFR, and thus
has a functional form:

Lmodel — (all// + azl///j””)M{fsy". (18)

In the second, we add a contribution from MSPs including
a mass-dependent component:

J model [aﬂ// + azll/ﬂ’”’ + aj M*]Mfsw_ (19)

To reduce the number of free parameters, we fix §,, = 0.18
based on gamma-ray observations, noting that this choice
does not affect our conclusions.

Finally, multiple confounding variables may also affect
the radio flux in any given galaxy, including variations in
S syn» additional sources (e.g., subdominant AGN activity),
or additional sinks (e.g., dense gas). Thus, we introduce an
intrinsic dispersion into our model. Specifically, we assume
a probability distribution for the radio luminosity that
follows a Gaussian distribution defined as

1 L — Lmodel 2
() g

P i (L) - Yo 20_2
where we define ¢ to be a combination of the measured
uncertainty for each source and a modeling error.
Quantitatively, we set 6> = (cL™%)2 4 1.2 | where c is
a free parameter that accounts for the intrinsic model
dispersion and L., is the 16 measurement error. We obtain
best-fit parameters by minimizing the negative of the log-
likelihood, —In £ = =, log(P;), where the summation is
taken for all sample SFGs. We utilize the IMINUIT code
[119] to find the best-fit model and calculate the error
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matrix for each model parameter. To calculate the best-fit
parameters and likelihood values, we use the units
[10>* WHz!] for the radio luminosity and [10'0 Mg]
for the stellar mass. Notice that while this affects the total
quoted likelihood, it does not affect the difference of the
log-likelihood values, ALG(L), among different models.
We have verified this approach with Monte Carlo simu-
lations (see Appendix E).

Many studies of the radio-FIR correlation have analyzed
the logarithmic correlation between each luminosity, using
logarithmic error bars that relate to the fractional flux of the
signal. Here, however, we utilize the true luminosity,
because about 20% of the SFGs in our study have best-
fit luminosities that are negative (due to instrumental or
systematic issues). If a full likelihood profile were available
for the measured radio luminosity of each source, either
choice should give the same final results. However, as G18
quote only lo error bars, the choice of calculating like-
lihood profiles in linear or logarithmic space can affect the
final answer. In Appendix A, we analyze the data by
utilizing a fit to the log-luminosity and analyzing only
sources with positive luminosity. We find that our main
conclusions are unchanged.

Finally, in our best-fit models, we find that 11 sources
have a value of —1In £ larger than 50, representing a 7o
rejection of our models for these sources. In each case, this
stems from a source that is significantly brighter than our
model prediction. Because alternative methods of produc-
ing bright radio emission (such as undetected AGN and
galaxy interactions) may be present, we remove such
sources from our fit so that they do not bias the relationship.
In Appendix B, we include these sources and show that this
treatment does not alter our conclusions.

IV. RESULTS

In this section, we present the results of our analysis. In
Sec. IV A, we fit the data with empirical power-law models,
showing that the inclusion of a mass dependence is
significantly preferred. In Sec. IV B, we analyze physically
motivated models and show that the inclusion of MSPs
significantly improves the fit to sources in low-SFR and
high-mass regime. In Sec. IV C, we test the robustness of
our results by carrying out an alternative analysis. In
Sec. IV D, we discuss the viability of MSP scenario based
on the best-fit parameters. Finally, in Sec. IV E, we discuss
important uncertainties in our results.

A. Testing the simple scaling models

We first analyze and compare our simple scaling models
[Egs. (16) and (17)] with the LOFAR data. The goal of this
portion of the analysis is to determine whether total galaxy
mass plays an important role in determining the observed
radio luminosity.

Figure 2 shows the correlation between the radio
luminosity and SFR, splitting our results into four mass
bins. The orange points and error bars show the measured
radio fluxes and uncertainties for individual SFGs in our
sample. The SFR and stellar mass for each SFG are
determined from MAGPHYS fits [39,120]. The gray and
blue points correspond to the predicted best-fit values for
these same SFGs, based on our models (theoretical uncer-
tainties are discussed below).

This analysis shows that a simple scaling between the
SFR and the observed radio luminosity [Eq. (16)] system-
atically underpredicts the radio luminosity in galaxies with
star-formation rates smaller than ~0.1 M, yr~!. Adding a
dependence on mass [Eq. (17)] adds a large scatter to the
radio-SFR correlation and improves the fit.

We note that our likelihood function includes a signifi-
cant dispersion [see Eq. (20)] that is not represented on this
plot. This implies that it would be possible for the model
with only y scaling to provide an equally good fit to the
LOFAR data, even though the v + M, model appears to
better match the data in the figure. This could happen in a
scenario where the dispersion in the LOFAR data is not
related to the galactic mass. We examine this scenario as
follows.

In Table I, we calculate the mass dependence in the
LOFAR data by comparing the log-likelihood fits of each
model. We find that the addition of a mass-dependent
term improves the quality of fit to the radio data by
ALG(L) = 838. If we restrict our analysis to only quies-
cent galaxies (132 have SSFR less than 10~!" yr~1), we still
improve the fit to the data by ALG(L) = 212. This is
notable, because this cut includes only 3% of the galaxy
counts (and is often biased towards galaxies with the largest
radio uncertainties), but it contributes nearly 25% of the
total improvement to the log-likelihood. This indicates that
the mass dependence of the radio-SFR correlation is most
pronounced in galaxies with the lowest current SFRs.

These results are consistent with those of G18, which also
found a correlation between luminosity and stellar mass (see
their Fig. 9). However, our results indicate that even in
models that include a mass-dependent term, the predictions
of scaling models tend to underestimate the radio luminosity
of quiescent galaxies in a systematic fashion.

In Table II, we show the best-fit parameters for both
simple scaling models. In our default model, we obtain
p =0.98, close to the value of unity predicted from the
radio-SFR correlation. In our mass-dependent model,
drops to 0.70, an indication that there is degeneracy
between the mass and star-formation rate, as expected.
The model dispersion, ¢, is found to be ~1.5 for both
models, which suggests that the data has an intrinsic
variation that spans a factor of ~5 at the ~3¢ level. This
provides additional evidence that simple scaling models
cannot explain bright low-SFR sources. The best-fit
parameters derived in our work are similar to those in G18.
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FIG. 2. The 150 MHz luminosity distribution of SFGs as a function of SFR (this and M, for each source are derived with MAGPHYS).
The sample is split into four mass bins as labeled. Orange (circle) points show the observed LOFAR 150 MHz luminosities and 1o error
bars. Gray (cross) and blue (plus sign) points are the best-fit luminosities predicted by the scaling relations [Egs. (16) and (17)]. The
model with mass dependence (blue) fits better than prediction by SFR alone (gray), though neither can sufficiently explain low-SFR

bright sources.

B. Testing the physical models

Figure 3 compares the two physical models for radio
emission, described in Egs. (18) and (19), with observa-
tions. Compared to our simple scaling models, the SNR-
only model (light blue, squares) has two additional degrees
of freedom, including separate contributions from primary
and secondary electrons (with different y dependences), as
well as a slight mass dependence relating to the efficiency
of synchrotron production. However, this model is still

TABLE 1. Values of —In £ for different models. We show the
sum of all SFGs (middle) and of low-SSFR SFGs (<10~!" yr~!,
right).

All sources Low SSFR

(N = 3896) (N =132)
Scaling [y; Eq. (16)] -391.4 258.4
Scaling [y and M; Eq. (17)] —-1229.4 46.6
Model [SNR only; Eq. (18)] —894.5 209.5
Model [SNR + MSP; Eq. (19)] —1419.1 —69.3

incapable of explaining the bright radio emission from low-
SFR sources, implying that the mass-dependent changes in
the synchrotron production efficiency are unlikely to
explain the observed trend in the data.

Our final model includes a contribution from MSPs, with
a total flux that depends exclusively on the total galactic
mass (black, star). Intriguingly, this significantly improves
our fit to the radio data, particularly among the population
of quiescent galaxies. In Table I, we find that this model
improves the log-likelihood fit by 525, producing signifi-
cant preference for this model compared to the SNR-only

TABLEII. Best-fit parameters for our simple scaling models. In
parentheses, we show the best-fit values obtained in G18.
a P y c
W 0.115 0.976 1.51
(0.115) (1.07)
y and M, 0.124 0.702 0.422 1.41
(0.135) 0.77) (0.43) i
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Same as Fig. 2, but for two physically motivated models [Eqs. (18) and (19)]. Light blue (square) points show the model that

only includes SNR contribution, which cannot fit the low-SFR data. Black (star) points show the predictions when MSPs are included,

which significantly improves the fit to the LOFAR data.

model. Restricting our analysis to only galaxies with
low SSFRs (<107!'" yr=!), we still find a log-likelihood
improvement of 279, which indicates that the model is
significantly favored even among only the 132 Ileast
luminous sources.

We note that our physical SNR-only model provide a
worse fit (by a log-likelihood of ~306) than our simple
scaling model that depends on y and M,, even though the
SNR model has an extra degree of freedom. This is due to
the fact that the scaling model prefers a power of y that is
smaller than one. Such a scenario is incompatible with the
assumption of our SNR-only model, because the power of
y is fixed to either 1.0 or 1.18 for primary (secondary)
components. This indicates that SN-driven physics (with an
input power that is at least linearly dependent on ) is
unlikely to drive the radio excess in quiescent galaxies.
Additional factors, such as a competitive energy-loss
process (like a cosmic-ray escape component that depends
strongly on y) would be necessary to explain this data.
However, this is not observed in bright SFGs, where the
radio-FIR relation is found to be steeper than linear.

In Table III, we list best-fit parameters for our physical
models. The normalization for the secondary term, a,, is

found to be unphysically small for the SNR-only model.
This can be understood based on the preference of our
scaling model (with y and M) for a best-fit value f < 1.
Among the two terms that scale as y and w8, the best-fit
model would only require the first term. This result
indicates that our standard SNR model may be unable to
provide a good fit to the data. Interestingly, we note that the
SNR + MSP model predicts a value of a, that is physically
reasonable.

We note that there are also sources that are significantly
less luminous than our model predictions. However, our
models would also predict significant dispersion in the
radio luminosity of individual SFGs, which may explain
these sources.

In particular, in some systems f,, may be small due to
either efficient escape, a strong radiation field, a high gas

TABLE III. Best-fit parameters for our models.

a a as ﬂsyn ¢
SNR only 0.110  2.00e-10 0.285 1.46
SNR +MSP  0.035 0.031 0.036  0.106  1.39
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density, or a weak magnetic field, all of which can lower the
synchrotron signal. In addition, free-free absorption may
significantly reduce the radio flux in galaxies with high gas
densities. Some LOFAR sources even have radio luminos-
ities that are negative, a clear indication of systematic or
instrumental effects that are not included in our model. We
also note that, contrary to very dim sources, bright sources
are difficult to explain solely by a variation in f,, because
it cannot exceed 100%. Finally, we speculate that the star-
formation history of each galaxy could stochastically
change the total energetics from the population of
MSPs, although exact assessment of this effect is difficult.

C. Testing the robustness of MSP models

Thus far, we have carried out our analysis on unbinned
data. Here, we test whether an alternative, binned analysis
of our dataset also produces a statistical preferences for a
mass-dependent term. We note that this method should
have less statistical power, because it throws away a
significant quantity of information. We use our default
dataset (all SFGs from the G18 sample) and separate
sources into seven SFR bins and ten mass bins (with a
constant logarithmic width). We then iteratively merge the
smallest bins into larger ones, such that each bin has more
than five sources. This avoids numerical issues that arise in
very small bins, where the source to source dispersion is
difficult to calculate. For each bin, we calculate the mean
value of the SFRs and masses, along with the recorded
radio luminosities and their standard deviation. We carry
out model fit by minimizing y* values. We have verified
this approach with Monte Carlo simulations (see
Appendix E). We find the following y? statistic on binned
data:

Liimeay = 537 (SNR only, d.o.f. = 24),

)(%binned) = 25.8 (SNR + MSP, d.o.f. = 23).

Thus, our model remains statistically significant at a level
exceeding 5o, even after being binned relatively coarsely
(which decreases the total information and thus the statistical
significance). We emphasize that these simple y? tests on
binned sources, while indicative, are not the full story, which
requires our full maximum-likelihood approach.

In our default, unbinned analysis, we examine differences
in —In £, which demonstrate with high statistical signifi-
cance that the inclusion of a MSP term improves the fit over
the SNR-only model. Here we also evaluate the overall fit of
our models to the unbinned data by calculating the chi-
squared statistic, )(%unbin) =" |Limodel — Li|*/07, where
the summention runs for all sources and o7 is the sum of

(¢Limoder)* and L7... We find ;(funbm) = 5141 for our
MSP + SNR model (sample size 3896), whereas ;(funbin) =

6002 for the SNR-only case, the null hypothesis. This

goodness-of-fit is dominated by the many points at high
SFR, where we expect that the SNR-only model should
sufficiently fit the data.

To examine the goodness-of-fit for low specific-SFR
sources, we recalculate )(%u by Using only the 132 sources

that have /M, less than 10~'! yr~!. For our MSP + SNR

model, the )(%u nbin) is 205, whereas it is 1063 for the SNR-
2

only null hypothesis. The large A)((unbm) obtained from the
addition of a mass-dependent term indicates that it is likely
the most important parameter needed to model radio
emission from low-specific-SFR sources. In fact, because
the total ¥ decreases by nearly 80%, it can be shown that
any parameter that decreases the y> by a larger amount must
be correlated with mass. We note that while our model is
preferred over the SNR-only model, both models produce a
rather poor overall goodness of fit to individual galaxies.
Even for the MSP + SNR model, the fit still has a
)(%unbm) /d.o.f. of 1.32, which indicates that the fit still

has a low p value. However, such a deviation should be
expected based on the simplicity of our model. Our aim is
to point out that adding mass-dependent term would
significantly improve the fit and that MSPs can naturally
produce such a term. In future work, more complete models
of the radio emission can be considered.

Our analysis shows that current LOFAR data favor a
physical model with mass-dependent cosmic-ray injection
(as is clear from Fig. 3). Next, we discuss the validity of the
MSP model based on our best-fit parameters.

D. Interpretation of results

In the previous section, we have shown that the LOFAR
data strongly prefers a physical model that includes at least
one emission term that depends only on the galaxy mass. In
Sec. II D, we noted that a model including MSP-accelerated
electrons would predict such a feature. This does not,
however, prove that MSPs are the physical source of the
excess radio emission. In this section, we show that such a
scenario is possible, and, in fact, that current data suggests
that MSPs can power bright radio emission with an
intensity that is consistent with the excess.

Combining Egs. (6), (14), (13) and the third term in
Eq. (19), we can write the MSP radio intensity as

4 MSP MSPLMW

asz = 5)(150 Asynlle 38 (21)

where a5 is best-fit parameter of the MSP contribution in
Eq. (1), y}BP is the ratio of the 150 MHz-emitting electron
power to the total electron power, and the factor 4/3 arises
from the conversion from W Hz™! to ergs™! at 150 MHz.
We note that the electron power in the 150 MHz window is

calculated over Aln E, = 0.5, as the luminosity is calcu-
lated by integrating the flux density over Alnv = 1.
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The radio spectral index of galaxies is approximately
F, « 1797 near GHz frequencies and flattens to F, o« 1703
near 100 MHz, which is likely caused by cooling and
propagation effects [111-115]. This translates to a steady-
state differential electron spectrum of E;>* above a few
GeV and E;*Y below that. Adopting this spectral shape for
electrons, we obtain yY55F ~ 0.1, a value that only weakly
depends on the spectral break and minimum electron
energy.

The efficiency of synchrotron emission, a,, may also
depend on galaxy properties [see Eq. (13)]. For simplicity,
we adopt typical Milky Way parameters to estimate the
energy-loss timescales. We also assume that massive
galaxies are calorimetric to cosmic-ray leptons, as is the
case in the Milky Way [51]. Under these assumptions, we
obtain agy, ~ 0.2, which gives us

S = (L) (22)

Thus, we find that the best-fit normalization of the MSP
contribution (a3 = 0.036) does not violate the total power of
the MSP population. However, since LY}V ~ 1, this relation
implies that our model does require the majority (7M5F ~ 1)
of the MSP spin-down power to be injected into electrons.
This might initially appear worrisome, as some previous
estimates have utilized efficiencies of #}SF ~n, ~0.1.
However, there has (to date) been no study validating these
assumptions.

Additionally, there are a number of uncertainties in our
modeling that may significantly affect this result. Most
importantly, the energetics of galactic MSPs are unknown.
In this study, we normalize the total gamma-ray luminosity
of MSPs to Milky Way observations. However, our MSP
models are expected to dominate only in galaxies with low-
SFRs and high masses, which may have different star
formation histories than the Milky Way. Notably, if we
instead normalized our results to M31, which has properties
more consistent with quiescent galaxies (a larger stellar
mass and a smaller SFR [121,122]), the necessary MSP
efficiency would decrease by up to a factor of ~4. Also,
because the gamma-ray emission from MSP magneto-
sphere may be beamed, only some fraction of Galactic
MSPs, f,, can be observed from the Earth. Although f,, is
often assumed to be unity for gamma-ray pulsars, the actual
value could be smaller by a factor of ~2 [123], which
would decrease the efficiency #MSP by a factor of 1/f,.
These (among other) uncertainties could lower the neces-
sary efficiencies to the ~10% level.

In addition to observational uncertainties that may make
the MSP efficiency smaller than our model prediction, we
note that a large MSP e*e™ efficiency is consistent with our
understanding of pulsar physics. Observations indicate that
roughly 10% of the MSP spin-down power is converted
into gamma-ray emission within the magnetosphere, a
negligible fraction of the total spin-down power is

converted to radio, and the remaining power is carried
primarily by e*e™ pairs, the magnetic field, and possibly
protons. Although we lack knowledge concerning the
energetics of the MSP pulsar wind, it is established for
young pulsars that more than ~90% of the spin-down
power is converted to pulsar-wind electrons that power the
PWNe [124].

Observationally, the constraints on GeV-scale MSP
emission are not strong. Reference [90] found that ete™
efficiencies up to 90% can be reconciled with MSP models
of the galactic center excess (see, however, Ref. [43]).
Intriguingly, studies of GeV emission from the Galactic
bulge by Ref. [125] find that the inverse-Compton flux
exceeds standard predictions by more than a factor of 20,
requiring a bright new source of energetic electrons. At the
TeV scale, a stacking analysis of 24 MSPs observed at TeV
energies by the HAWC telescope provided 2.6-3.2¢
evidence of TeV MSP emission, a result which would
require a high efficiency for TeV e e~ pair production from
MSPs [43]. We note that observations of globular clusters
in very-high-energy gamma rays suggest efficiencies below
~10% [84,92]. However, this result assumes particularly
optimistic models for particle propagation within globular
clusters (a Bohmian diffusion model), which has yet to be
verified. Extrapolating this result to GeV energies also
depends sensitively on spectral assumptions.

In light of these points, we conclude that MSPs can be
efficient ete™ accelerators. The necessity of an O(1) ete”
efficiency may stretch current modeling. However, multiple
uncertainties in our models may significantly lower the
efficiency necessary to fit the radio excess. Furthermore, no
observation rules out efficiencies as high as ~90%.

E. Systematic uncertainties

We have shown that MSP-based models explain the
flattening trend observed and detailed by G18. Here we
note several systematic uncertainties that could affect the
plateau detected by G18. We stress that while our models
were fit to the G18 data, the qualitative hypothesis that
MSPs contribute to the radio-SFR correlation does not
necessarily require a flattening of the data at the level
observed by GI8.

In particular, we note that the accurate determination of
the SFR and radio flux in the dimmest quiescent galaxies
pushes the limits of current observational data. One
worrisome point concerns any potential flux-sensitivity
limit in the radio data. Such a limit could induce a
plateaulike feature by excluding a vast sea of “missing”
galaxies with smaller radio fluxes. However, the method-
ology applied by G18 specifically accounts for such a
scenario—reporting the best-fit flux (including negative
best-fit fluxes) for all galaxies that are determined to be
SFGs via multiwavelength photometric fits. We note two
other facts that diminish the risk of such a systematic error.
On the observational side, the large redshift range of SFG
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studies would smear out simple flux-sensitivity limits. On
the theoretical side, we note that our model predicts the
existence of very dim radio galaxies, due to the significant
dispersion induced by variations in the magnetic field,
ISRF, and interstellar gas densities in each galaxy.

While systematic uncertainties in the radio luminosity
are likely controlled by the analysis methods of G18, a
more pressing concern may be the accurate determination
of the star-formation rate. Because only a small number of
quiescent galaxies are classified as SFGs in the G18 sample
(and spectral-line classification of SFG samples may
depend on the SFR of the galaxy), a systematic bias that
shifts some galaxies to abnormally low-SFRs independent
of their radio flux may be interpreted as a plateau feature in
the radio-SFR correlation. We stress that, in G18, SFRs and
masses are derived by MAGPHYS fit based on multiwave-
length photometric data from SDSS u band to submillim-
eter wavelength. However, the sensitive dependence of our
results on this fit deserves further investigation.

A complete reanalysis of the SFRs in quiescent SFGs lies
beyond the scope of this theoretical paper. Here, we test the
results by replacing the SFRs and masses with those
contained in the GSWLC-2 catalog of Ref. [126] (hereafter
S18, see also Ref. [127]). The galactic properties in this
catalog are derived by SED fitting to the UV, optical and
mid-IR data with the CIGALE code [128]. We refer the
reader to Refs. [126,127] for detail, but stress that one
notable difference from G18 is that S18 includes short-
wavelength UV radiation, which may produce more accu-
rate measurements for quiescent galaxies. S18 produces
three separate catalogs, shallow, medium, and deep UV
imaging surveys, and we use the medium (GSWLC-M2),
which is recommended for quiescent galaxies.

We cross-correlate the catalog of S18 with G18, noting
that only 1094 out of 3907 SFGs in G18 are included in the
S18 catalog because GSWLC-M2 does not cover all SDSS
targets. This is potentially a significant concern—as
important selection effects in the join-observation proba-
bility of the catalogs may affect our results and are difficult
to quantitatively assess. Keeping this in mind, we repeat our
analysis, utilizing the radio luminosities and source clas-
sifications of GI18 but utilize the SFRs and masses
determined by S18. In Appendix C, we detail our analysis
procedure.

We obtain a somewhat concerning result, which is that
S18 systematically derives higher SFRs for the low-SFR
galaxies observed by G18. This potentially suggests that
the choice of methods for SFR measurements can have a
significant impact.

We find that this offset affects our results in two
important ways. First (and perhaps most importantly),
we find that the slope of the entire radio-SFR correlation
becomes significantly flatter. Focusing our analysis only
on galaxies with a SSFR > 10~!! yr~!, where the radio-
SFR correlation is thought to hold, we find that our

102 SFGs in S18 and G18, SFR by G18
E + SFGsinS18and G18, SFR by 518

101; %
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FIG. 4. Comparison of the radio-SFR correlation for two
different SFR estimations. We note that the SFR estimates of
S18 significantly decrease the significance of the plateau feature
observed in the radio-SFR correlation by G18.

cross-analysis model prefers a best-fit value (L o y®9),

which is significantly flatter than standard radio-SFR
measurements. Additionally, the scatter in the radio-SFR
correlation increases. This is concerning, as no observation
has previously reported a strongly sublinear radio-SFR
correlation—and it calls into question whether systematic
errors in the cross-correlation of these catalogs render the
analysis untrustworthy. While the LOFAR analysis of the
radio-SFR correlation takes place in a waveband that has
not been extensively probed in other work, previous results
by Ref. [129] found that the radio/FIR correlation was even
steeper at 151 MHz than at higher-frequencies, contra-
dicting the flatness of the results obtained here.

The second impact is that the excess feature in low-SFR
sources is much less pronounced, and a mass-dependent
term (such as that from MSPs) is no longer statistically
preferred. In Fig. 4, we show the radio-SFR correlation for
our combined G18/S18 analysis, finding that the plateau
feature produced in the G18 SFR calculation has disap-
peared. This is potentially worrisome, as it suggests that
observations by GI18 could potentially be explained by
systematic uncertainties in SFR measurements.

One alternative possibility is that the classification of
“SFG” sources by G18, which selects only a small fraction
of the sources with low SFRs, systematically biased the
catalog towards sources that will have larger SFRs in S18.
To test this possibility, we repeat a cross-correlated study
using radio luminosities from G18 but SFR measurements
from S18. However, we loosen the restriction that the
galaxy in question is labeled a SFG by G18, and instead
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also include “unclassified” sources from G18. This
increases our total population to 10277 sources, and adds
a large population of sources that have low SFRs in both the
G18 and S18 analyses. However, it potentially contami-
nates our result with galaxies that are radio bright due to
low-luminosity AGN.

In Appendix D, we detail this analysis, finding that this
cross-correlation improves both the global and low-SFR
agreement between G18 and S18. In particular, the radio-
SFR correlation (for galaxies with SSFR > 107! yr~1), is
slightly hardened to L o y"3. Moreover, we find strong
evidence in this dataset for a mass-dependent term com-
patible with our MSP hypothesis. We caution however, that
AGN contaminated sources may also produce such a
feature.

We thus conclude that a careful analysis of low-SFR
galaxies is necessary in order to verify the contribution of
MSPs to the radio emission in low SFRs. Utilizing the
results of the detailed study completed by G18, we find
strong evidence in the data to support such a feature. The
significance of this result decreases significantly if the
results of S18 are instead used to calculate the SFRs of
quiescent galaxies—although the convolution of these
studies also induces spurious effects into the main bulk
of the radio-SFR correlation that makes it difficult to
interpret these results. One possible explanation may be
systematic effects stemming from the interplay between the
SFG classification of galaxies in G18, and their total SFR
utilizing the methods of S18. Further analysis is thus
necessary to confirm the plateau feature of G18 which is
best fit by MSPs in our study.

Noting that a significant MSP contribution is independ-
ently motivated by potential HAWC observations of
gamma-ray emission from MSPs [43], we now discuss
the implications of our results based on the properties of
quiescent galaxies.

V. DISCUSSION AND CONCLUSIONS

In this paper, we propose that MSPs can significantly
contribute to the radio flux in quiescent galaxies, domi-
nating the low-end tail of the radio-SFR correlation. We
show that models including an MSP contribution signifi-
cantly improve the fit to LOFAR radio data, explaining the
observed excess in low-SFR, high-mass galaxies. We show
that the energetics of our model are consistent with current
observations and models of MSP activity. Finally, we
discuss systematic uncertainties and future directions to
test our model. Our results have several implications.

A. Radio-SFR (radio-FIR) correlation

Previous studies of the radio-FIR correlation have found
a striking continuation of power-law behavior over many
orders of magnitude in galactic star-formation rate (e.g.,
Refs. [6,9,10,32]). This has been attributed to a variety of

factors, the sum of which has been labeled a “conspiracy”
in the low-SFR behavior of the relationship. LOFAR data,
on the other hand, appear to provide evidence for a break in
that relationship among high-mass, low-SFR galaxies, and
our interpretation offers yet another complicating factor
that may shift this relationship from its linear functional
form. Our model predicts that future observations of the
radio-SFR correlation by LOFAR, as well as next-gener-
ation telescopes like SKA, will more clearly identify excess
radio emission in high-mass galaxies that do not host AGN.

The tightness of the radio-FIR correlation has raised an
expectation that the radio continuum emission can serve as
a robust SFR tracer that is not affected by dust extinction.
Our analysis suggests that the extrapolation of radio-SFR
correlation to low SSFR sources may be insecure, and that
future studies of radio emission in low-SFR galaxies should
include MSP contributions. Alternatively, more detailed
studies of the time evolution of the MSP population and
how it contributes to the galactic radio luminosity may
allow radio measurements to inform measurements of star-
formation histories in quiescent galaxies.

Finally, the LOFAR data have also been used to perform
direct studies of the radio-FIR correlation in 150 MHz band
[17]. Based on our results, one would expect excess radio
emission for sources that have low FIR luminosity. This is
not clearly seen in the data (though the uncertainties in the
FIR luminosities for these sources are large). We speculate
that this suggests another “conspiracy” in the radio-FIR
correlation. For massive galaxies, the radio luminosity is
enhanced due to MSPs, and the FIR is also enhanced by the
heating of interstellar dust by old stellar populations. Indeed,
multiple studies have shown that intermediate and old stellar
populations can produce significant IR emission even for
galaxies with little star formation [130,131]. This new
conspiracy might be important for future studies.

B. Bright radio/gamma-ray emission
from the bulge of disk galaxies

We have shown that the LOFAR data prefer a mass-
dependent injection term, and we have also shown that such
a term is naturally produced by MSPs. However, there
could be alternative explanations for the radio excess. Most
importantly, although AGN have been removed from the
LOFAR sample using BPT-diagram diagnostics, potential
radio contributions from relatively dim supermassive black
holes cannot be ruled out. This scenario is particularly
troubling because supermassive black hole masses have
been found to correlate with the total galaxy mass [132],
providing an alternative explanation for the mass depend-
ence detected in our model (see also G18).

However, nearby, spatially resolved galaxies provide an
excellent opportunity to differentiate these scenarios and
study the contribution of MSPs to galactic radio emission.
If the radio flux is dominantly from AGN, we would expect
emission only from the galactic core, and would potentially
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expect variable emission. On the other hand, MSPs
emission would be more extended (although it can be
significantly enhanced in the bulge region) and should
show no variability.

Intriguingly, there are several nearby galaxies that host
large LMXB populations and also have bright diffuse radio
excesses, most notably M31 [80,133,134]. Notably,
Ref. [134] determined the M31 bulge to be powered by
an electron flux of ~10% ergs~!, while SNRs are expected
to injection only ~5 x 10°7 ergs™'. Utilizing a M, =
4 x 10" M stellar mass for the M31 bulge [72], our
model predicts that MSPs inject an electron flux of
~8yMSP 5 1038 ergs!, explaining the majority of the elec-
tron power. Variations in the radio-FIR correlation are also
seen across the M81 galaxy, with excess radio emission
(compared to the Galactic average of Ref. [ 10]) found outside
of active starbursts [135].

In addition, observations indicate that LMXBs and
MSPs are highly overabundant in dense regions, such as
globular clusters, compared to their average formation rate
throughout the Milky Way plane [136]. Therefore, cross-
correlating diffuse radio emission with globular clusters
may be useful to test an MSP origin of the radio excess, as it
can constrain the energetics and spectrum of electrons. It
may also be possible to detect radio emission around
individual MSPs, if the particle diffusion around them is
sufficiently suppressed. An alternative way to test and
constrain our model is to observe gamma rays from
globular clusters that are generated through inverse-
Compton scattering. In this direction, a very recent study
[137] indeed detected such emission, providing direct
evidences that MSPs can produce GeV-scale electrons.
Interestingly, they find that injected electrons might have a
steep spectrum. If we assumed such spectra, significant
amount of electron energy should be contained in GeV-
scale electrons, and thus the required efficiency 7M5 could
be much smaller than estimate in Eq. (22), although it
would then highly depend on the minimum electron energy.
On a similar ground, future observations by the Cherenkov
Telescope Array will further constrain electron populations
injected by MSPs [138].

C. Implications for gamma-ray and cosmic-ray
astrophysics

Finally, our results suggest that MSPs may efficiently
convert a large fraction of their spin-down power into GeV-
scale eTe™ pairs. Because MSPs do not include compact
pulsar wind nebulae, these e*e™ pairs must escape into the
ISM, where they subsequently cool via a combination of
synchrotron (producing radio emission) and inverse-
Compton scattering/bremsstrahlung (producing gamma-
ray emission). The ratio of these components depends
sensitively on the galactic environment.

Recent observations have found a bright excess in GeV
gamma-ray emission from the Galactic center of the

Milky Way galaxy [139,140]. The most convincing explan-
ations for this excess consist of dark matter annihilation
[139,140] or the production of GeV gamma-ray emission
within MSP magnetospheres [141-143]. Our model predicts
that any such MSP population will be accompanied by a
bright inverse-Compton emission in the Milky Way bulge.

The impact of such a scenario on the interpretation of the
Galactic center excess is unclear. At GeV energies, there is
some evidence for excess inverse-Compton emission in the
Milky Way bulge. In particular, models by the Fermi-LAT
collaboration required that the normalization of the inverse-
Compton scattering emission from the inner regions of the
Milky Way was ~20 times brighter than standard Galprop
predictions (which, notably, do not include any cosmic-ray
injection in the Galactic center region) [125]. Alternative
models that do include significant hadronic cosmic-ray
injection near the Galactic center include more modest
enhancements to the leptonic emission [144].

Our results suggest that GeV-scale ete™ from MSPs can
significantly contribute to the background gamma-ray
emission from the Galactic center, a scenario which may
be compatible with MSP models for the Galactic center
excess. On the contrary, if the MSP-induced ICS emission
continues to TeV energies, the lack of bright TeV emission
within the Galactic bulge would place a strong constraint
on the contribution of beamed MSP emission to the
Galactic center excess at GeV energies [43].

If MSPs do produce bright TeV gamma rays via inverse-
Compton scattering, a number of Milky Way MSPs are
expected to be local and powerful enough to be seen by
current and future TeV telescopes such as HAWC and CTA
[43]. Such sources could contribute to the recently dis-
covered population of “TeV Halos” discovered by TeV
gamma-ray observations around nearby pulsars like
Geminga and Monogem [57,145], now also observed at
GeV energies [146]. Importantly, unlike normal pulsars,
MSPs lack associated SNRs and PWNe, which remain a
confounding factor in assessing both the luminosity and
morphology of TeV halos. The existence of TeV halo
emission surrounding an MSP population would have
important implications for our understanding of cosmic-
ray propagation near bright TeV emission sources [109].

As an efficient e*e™ accelerator, MSPs may produce a
substantial contribution to the local ete™ flux, potentially
contributing to the positron excess observed by PAMELA
and AMS-02 [147,148]. While some recent analyses, e.g.,
Ref. [149], argued that single MSPs explain only a few
percent of the excess, these results assumed electron
production efficiencies of only a few percent. On the other
hand, Ref. [88] used an efficiency of 50% from spin-down
power to e*e™ pairs and found that MSPs can significantly
contribute to the observed cosmic-ray electron and positron
flux. As our analysis provides additional evidence support-
ing high ee™ efficiencies in MSPs, it supports scenarios
where MSPs significantly contribute to the positron excess.
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Finally, even in low-SFR galaxies that are supposed to
have little astrophysical emission, e*e™ pairs from MSPs
may produce bright radio and gamma-ray emission. This
can be an additional source of background emission for
indirect searches of dark matters. In this context, the
contribution from MSPs are evaluated in Ref. [73], but
they only consider direct gamma-ray emission from the
magnetosphere. Our results suggest that pulsar-wind e™e™
could significantly contribute to the background emission,
potentially making an additional factor of confusion
for future dark-matter searches. Due to the small size
of dwarf galaxies, the luminosity of such a component
might depend on the ability of MSPs to self-confine their
own cosmic-ray electron population (as in, e.g., TeV
halos) [43,109].
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APPENDIX A: MODELS USING
LOG-LUMINOSITY

In the main text, we fit our model against the luminosity
values and uncertainties for each source using a linear fit to
the data. This was due to the fact that some sources have
negative best-fit values due to instrumental or systematic
issues. Here, we reanalyze the data after taking the
logarithm of the luminosity values, producing a probability
model given by

1 1 L) —1 Lmodel 2
oxp <_| og1g(L) = log (L") >

2
2 20
\/ 270i0g,, 1 logjo L

Pi(L) =

(A1)

where 045, 1, is a free parameter. In this analysis, we use
only the 3215 sources that have positive best-fit luminos-
ities. In Table IV, we calculate —In £ for each model,
verifying that the SNR + MSP model fits significantly
better than other models. These values cannot be directly
compared with those in Table I because the definitions of P;
are different. In particular, while the lo error in the
uncertainty of each source is identical in both the linear
and logarithmic constructions, the likelihood function for

TABLE IV. Values of —In L for different models for the case
when we use log-luminosity [Eq. (A1)].

All sources Low SSFR

(N = 3215) (N = 108)
Scaling [y; Eq. (16)] 2704 356.7
Scaling [y and M; Eq. (17)] 2193 193.3
Model [SNR only; Eq. (18)] 2400 384.0
Model [SNR + MSP; Eq. (19)] 2050 117.4

TABLE V. Best-fit parameters when we use log-luminosity
[Eq. (AD)].

a p Y OlogyL
Scaling (y) 0.108 0.973 0.561
Scaling (y and M) 0.127 0.665 0.530 0.479

aj ar as ﬁsyn Ology L
Model (SNR only) 0.119 1.06e-9 0.351 0.351

Model (SNR + MSP) 0.031 0.046 0.026 0.199 0.458

any other offset between the modeled and measured source
flux will differ.

In Table V, we show the best-fit parameters, showing that
they are also not significantly changed, and thus the main
physical features of our model are robust to this choice.

APPENDIX B: THE EFFECT OF REMOVING
OUTLIERS

In the main text, we removed from our analysis several
outliers hat had radio luminosities that significantly
exceeded model predictions. This is well justified, because
other emission sources (e.g., AGN) or additional effects
(e.g., galaxy interactions) may produce radio excesses that
do not correlate with recent or historic star formation.

In Table VI, we show the values of — In £ for each model
in a scenario where we do not discard these outliers. This
confirms that the SNR 4+ MSP models still provide the best
fit. However, a comparison of these fits against those in
Table I indicates that our fits are highly affected by several
very bright sources. In Fig. 5, we show the distribution of
the log-likelihood value for individual sources. While most

TABLE VI. Values of —In £ for different models for the case
when we include all 3097 sources in our analysis.

All sources Low SSFR

(N =3907) (N =137)
Scaling [y; Eq. (16)] 2625.7 566.3
Scaling [y and M; Eq. (17)] —213.4 17.9
Model [SNR only; Eq. (18)] 375.2 312.4
Model [SNR + MSP; Eq. (19)] —580.6 -32.0
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FIG.5. The distribution of — In £ for each SFG. For the scaling

model with y (top, gray), there is one source that has
—1In £ =989, which is not shown in this histogram.

of sources have —In £ smaller than 10, some individual
sources have —In L more than 50 or even 100. These
sources dominate the sum of log-likelihood fit, which could
potentially affect our results.

Repeating our analysis, we have verified that our
conclusions are unchanged if we set the upper limit for
outlier removal to log-likelihood values of 100, 25, and
12.5. In all cases, the SNR + MSP model is favored over
any other model by 2A In £ > 196. The best-fit parameters
remain largely unchanged.

APPENDIX C: THE EFFECT OF SFR MODELING

Here, we present an alternative analysis produced by
replacing SFRs and masses from G18 with those obtained
in S18 [126]. S18 produces three separate catalogs for three
different exposure times for UV imaging. While the
shallowest catalog contains the largest dataset (about
90% of SDSS sources are contained), it can be inaccurate
for quiescent and passive galaxies. On the other hand, the
deepest catalog covers only a small field, and thus includes
only ~7% of SDSS sources. Therefore, we choose to use
the catalog of medium exposure time, which can be used
for off-main-sequence galaxies and contains about 50% of
SDSS sources. We utilize SFRs and masses from this
catalog, but continue to utilize the radio luminosities and
galaxy classifications determined by G18.

104
F SFGs in G18
74 SFGs both in G18 and S18
103F
3
S 102t
o
(@)
101 /
10°

-5 -4 -3 -2 -1 0 1 2
l0910(SFR [M, yr~1]) determined by G18

FIG. 6. Histogram of SFGs that are included in G18 (gray) and
both in G18 and S18 (black, hatched).

We utilize sources from the S18 catalog that are also
contained in the study by G18. Since only 1094 out of 3907
SFGs in G18 are included in the S18 catalog, we have to
check if this procedure does not induce any bias. Figure 6
shows the histogram of sources binned using the SFRs
determined by G18. This shows that the cross-correlated
catalog is not significantly biased toward high SFR sources.
However, we should keep in mind that more than half of
low-SFR sources (<1072 M, yr~!) are not included in the
S18 catalog.

Figure 7 compares the masses (top) and SFRs (bottom)
determined by each catalog. We find that mass estimations
are generally in good agreement, although there are orders of
magnitude discrepancies for a small fraction of sources. For
SFRs, we find that sources with small (<1072 Mg yr™!)
SFRs in G18 systematically have much higher SFRs in the
model of S18. This is worrisome, because this suggests that
the radio excess in low-SFR sources may be attributed to SFR
measurement errors.

Figure 4 (in the main text) compares the radio-SFR
correlation for different SFR estimations. There are two
notable changes. First, the main body of radio-SFR corre-
lation (SFR > 10~! Mg yr~!) remain largely unchanged,
but the scatter gets significantly larger. Due to this, our
method of fitting the correlation with a linear-luminosity
model is biased toward bright sources. Therefore, we fit the
data using log-luminosity with the method detailed in
Appendix A to derive the slope of radio-SFR correlation.
Restricting our analysis to aregion with SSFR > 107! yr~!,
where the radio-SFR correlation should hold, we find a flatter
slope for S18 SFRs, L « w6, which is in significant tension
with previous estimates of the radio-SFR correlation at low
frequencies [129].
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FIG. 7. Comparison of stellar masses (top) and SFRs (bottom)
determined by Giirkan ef al. [39] (x axis) and Salim et al. [126]
(v axis). Dashed line correspond to the case where these two
estimates are identical.

Second, there are few low-SFR sources when we utilize
SFRs from S18. This makes the excess feature in low-SFR
sources is much less pronounced. As a result, our mass
dependent model is not statistically preferred compared to
the SFR-only scaling, contrary to what we observed for
G18 SFRs.

However, we note that more than half of the low-SFR
sources (<1072 Mg yr~!) observed by G18 are not con-
tained in S18. Therefore, to determine whether the excess
feature can be robust against SFR estimates, we need
deeper observations and a better determination of SFRs for
the low-SFR sources that are not included in the medium or
deep catalog by S18.

APPENDIX D: THE INCLUSION OF
UNCLASSIFIED SOURCES

In the main text, we used 3907 sources that are classified
by G18 as SFGs using a BPT diagram. There are 6370
sources that are not classified due to the absence or weak
detection (<30) of emission lines. Although these “unclas-
sified” sources are not used in the main text, they
necessarily include many high-mass and low-SFR sources,
which are important for testing our model.

Here, we check whether our model is consistent with
LOFAR observations when we include unclassified
sources. This analysis should be taken with caution,
because there can be sources that are affected by AGN.
To avoid biasing our results with the brightest sources that
might be strongly affected by AGN, we fit the data using
log-luminosity following the method in Appendix A.

We find that, if we use the SFRs and masses determined by
G18, our SNR + MSP model is preferred over the SNR-only
model by ALG(L) = 3480. If we replace the SFR and mass
determinations by those in S18, the SNR + MSP model is
still preferred by ALG(L) = 746. In this cases, and restrict-
ing ourselves to sources with SSFR >107!! yr~! we find a
slightly harder value for the radio-SFR correlation, fitting
L o "%, which is somewhat more consistent with the value
obtained in the main text.

Figure 8 shows the scaled luminosities vs specific SFRs
for two different galactic parameters derived by G18 (left)
and S18 (right). In both datasets, we can see a pleateau
feature for low specific SFR sources, which is consistent
with original findings by G18. This figure clearly illustrates
that MSP-based model is significantly favored.

As noted in the main text, this agreement does not prove
that MSPs produce the mass-dependent radio emission. In
particular, for unclassified sources, we need more careful
examination of the contributions from AGN activities.
However, it is encouraging that we do see a feature that
is expected for MSPs, and the derived parameters are
consistent with this interpretation.

APPENDIX E: SIMULATION TO TEST OUR
APPROACH

We use a Monte Carlo simulation to produce mock
observed data. First, we generate mock galaxies with
randomly assigned SFRs () and masses (M, ). We assume
log-normal distributions for both quantities, with mean and
standard deviation obtained from observed data. The
number of galaxies is identical to the sample size used
in the main analysis. Then, we calculate luminosities for
these galaxies, L™°%!, with our model equations. Next, we
assign measurement errors of luminosities (L) to the
simulated galaxies. Observed data show that errors are

typically described by L., ~0.1v/L (units are in
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FIG. 8. The radio luminosity-SFR correlation scaled by the stellar masses for SFGs and unclassified sources, with galactic parameters
determined by G18 (left) and S18 (right). Along with data points for individual galaxies (orange), we show the median and the 16th—
84th percentile range (bars). Lines show theoretical predictions, connecting the median value in each specific-SFR bin that we show with
the bars. Theoretically predicted values for individual galaxies are not shown.

10> W/Hz) though with large scatter. Here we simply

assume L, = 0.1V L™ for all sources. We also assign
model errors, denoted as x. This is a random factor
drawn from a Gaussian distribution with zero mean
and standard deviation of c¢. Combining these two error
terms, the observed luminosity is calculated by L =
Lrodel Ly 4+ xL™dl where y is a random variable

drawn from Gaussian with mean O and standard devia-
tion 1. We run the analysis used in the main text and
verified that it can recover injected parameters. If we test a
model where we inject a radio luminosity that correlates
with only the SNR term, our analysis shows no statistical
preference for the MSP model, which further supports the
validity of our analysis.
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