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Recent observations have shown that pulsars are surrounded by extended regions which emit TeV-scale
gamma rays through the inverse Compton scattering of very high energy electrons and positrons. Such TeV
halos are responsible for a large fraction of the Milky Way’s TeV-scale gamma-ray emission. In this paper, we
calculate the gamma-ray spectrum from the population of TeV halos located within the Andromeda Galaxy, pre-
dicting a signal that is expected to be detectable by the Cherenkov Telescope Array (CTA). We also calculate the
contribution from TeV halos to the isotropic gamma-ray background (IGRB), finding that these sources should
contribute significantly to this flux at the highest measured energies, constituting up to ~ 20% of the signal
observed above ~ 0.1 TeV. We also comment on the implications of our results for the origin of the diffuse

neutrino flux detected by IceCube.

I. INTRODUCTION

Observations with the HAWC (High Altitude Water
Cherenkov) [1-5], Milagro [6, 7], and HESS (High En-
ergy Spectroscopic System) [8, 9] telescopes have revealed
that pulsars are surrounded by spatially extended “TeV ha-
los” [10]. The multi-TeV gamma-ray emission that is asso-
ciated with these halos is the result of inverse Compton scat-
tering, and is powered by the rotational kinetic energy of the
host pulsar [11]. These objects represent a new class of high-
energy sources, which are responsible for a significant fraction
of the Milky Way’s TeV-scale gamma-ray emission.

From the measured abundance of pulsars and the efficiency
with which they are observed to generate TeV halos, it can be
shown that these objects dominate the diffuse TeV-scale emis-
sion that is observed along the plane of the Milky Way [7]. On
similar grounds, one can deduce that this class of sources must
contribute significantly to the total isotropic gamma-ray back-
ground (IGRB), in particular at TeV-scale energies. In this
sense, TeV halos appear to be an important means by which
star formation leads to the production of very high-energy ra-
diation.

In this paper, we use the observed characteristics of the TeV
halos detected by HAWC to estimate the TeV-scale gamma-
ray emission from the TeV halo population in the Andromeda
Galaxy (M31), as well as to calculate the contribution from
this source class to the total IGRB. While we conclude that
the gamma-ray emission from the TeV halos in M31 should
be below current constraints, we predict that this signal will
be detectable in the future by the Cherenkov Telescope Ar-
ray (CTA). Furthermore, we predict that the TeV halos dis-
tributed throughout the observable Universe contribute sig-
nificantly to the IGRB, being responsible for up to ~20% of
this background at 100 GeV, and perhaps even a larger frac-
tion at TeV-scale energies. Furthermore, if the total spindown
power of the millisecond pulsar population is comparable to
or larger than that associated with young and middle aged
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pulsars, this would significantly increase our estimates for
these gamma-ray fluxes. These results have implications for
the origin of the astrophysical neutrinos detected by IceCube.
Namely, since TeV halos produce their gamma-ray emission
through leptonic processes and thus do not produce an appre-
ciable flux of high-energy neutrinos, a significant fraction of
the highest-energy gamma-ray emission observed from star-
forming galaxies must be leptonic in origin, suppressing the
degree to which this class of objects could potentially con-
tribute to the observed neutrino flux.

II. GAMMA-RAY EMISSION FROM TEV HALOS

Pulsars generate the gamma-ray emission associated with
TeV halos by transferring their rotational kinetic energy into
the acceleration of very high-energy electrons and positrons.
These particles then diffuse outward and undergo inverse
Compton scattering. The integrated energy budget for the re-
sulting emission is, therefore, limited by the pulsar’s initial
rotational kinetic energy, which in turn depends on its initial
period and moment of inertia (for a review, see Ref. [12]):
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where M and R are the mass and radius of the neutron star. By
extension, the time-averaged, total energy budget for a popu-
lation of TeV halos is given by the product of the pulsar birth
rate and the average initial rotational kinetic energy of an in-
dividual pulsar. With this in mind, we will consider the value
of F,.: averaged over an ensemble of newly formed pulsars:
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The pulsar-to-pulsar variations in M and R are each small
compared to those associated with a pulsar’s initial period.
Throughout this study, we adopt M = 1.28 My [13] and
R = 11.9km [14]. The initial period of a pulsar, P, can
be difficult to determine directly from observations [15-17].
To estimate the value of (P0_2>, we have performed an aver-
age of this quantity over the youngest pulsars contained within



the Australia Telescope National Facility (ATNF) pulsar cata-
log [18]. The evolution of a pulsar’s period is described by
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where n is the braking index (n = 3 in the case that the
pulsar’s spin-down torque arises entirely from dipole radia-
tion [19, 20]) and 7 is the spindown timescale:
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With this timescale for spindown in mind, we performed an
average of P~2 over the 32 (non-binary) pulsars in the ATNF
catalog with a characteristic age of 10* years or less, de-
fined as t. = P/2P = (n — 1)(tage + 7)/2 < 10%yr,
finding (P~2?) = (65ms)~2. From this, we estimate that
the initial rotational kinetic energy of an average pulsar is
Erot0 = 7 X 108 erg. Note that among this sample, there is
no discernible correlation between the pulsars’ period and dis-
tance, suggesting that no sizable bias is likely to have resulted
from selection effects. If we expand our sample to consider
the 151 pulsars with t. < 105 yr, we obtain a somewhat lower
average rate of rotation, (P~2) = (95ms)~2, indicative of
a non-negligible reduction in the average pulsar’s rotational
kinetic energy.

Only a fraction of a given pulsar’s total rotational kinetic
goes into the gamma-ray emission associated with a TeV halo.
We define the efficiency of a TeV halo, 7, as the fraction of the
pulsar’s rotational kinetic energy that goes into the production
of TeV-scale gamma-rays:
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where I, is the flux of the gamma-ray emission bewteen 0.1-
100 TeV, E.,o; is the time derivative of the pulsar’s rotational
kinetic energy, and d is the distance to the pulsar. Once again,
we are interested here in the value of 7 averaged across a large
sample of pulsars. We determine this quantity by compar-
ing the current spindown flux of a given pulsar, E,./4md?,
as reported in the ATNF catalog, to the gamma-ray flux re-
ported by the HAWC Collaboration, as obtained using the
tool available at https://data.hawc-observatory.
org/datasets/3hwc-survey/index.php. In mak-
ing this comparison, we have restricted our sample to
those pulsars that are located within HAWC’s field-of-view
(—=10° < dec < 50°), and for which ¢, > 10% years.
This latter requirement is intended to avoid contaminating our
sample with sources that might be better classified as pulsar
wind nebulae or supernova remnants. We also restrict our
analysis to those pulsars with a spindown flux greater than
E/4rd?> > 10719 TeVem 2571, in an effort to minimize
any bias that might result from selection effects. We have
identified 26 pulsars in the ATNF catalog which satisfy these

criteria.!

The HAWC online tool allows one to obtain a measurement
of the gamma-ray flux from a given source, as evaluated at
an energy of 7 TeV, assuming a power-law spectrum with an
index of -2.5. For each pulsar, we integrate over this spectral
shape between 0.1 and 100 TeV to obtain an estimate for F,.
Following Refs. [21, 22], we adopt the point-like template for
pulsars located at d > 2 kpc, the template with 0.5° extension
for pulsars between 0.75 kpc < d < 2 kpc, the 1° extension
template for those within 0.375 kpc < d < 0.75 kpc, and the
2° extension template for pulsars closer than d <0.375 kpc.
Averaging over this sample, we obtain an average gamma-ray
efficiency of (n) = 0.054.

We note that the HAWC online tool is not very flexible in
the respect that it only constrains the flux from a given source
assuming that its spectrum is described by a power-law with
an index of -2.5, and thus is not optimally suited for the appli-
cation at hand. In particular, while the detailed spectral shape
of the gamma-ray emission from a TeV halo has been mea-
sured only in a few cases, these sources appear to exhibit spec-
tra that are significantly harder than that of a -2.5 index power
law. More specifically, the gamma-ray emission from TeV ha-
los is observed to be quite hard up to energies on the order of
O(10TeV), above which the spectrum becomes much softer.
On theoretical grounds, one expects such a spectral break to
appear, positioned near the energy at which the timescale for
electron/positron energy losses are comparable to the age of
the pulsar [11]. In light of these considerations, it is plausible
that the harder spectra indices of TeV halos may have led us to
somewhat overestimate the value of (1) in the approach taken
in the previous paragraph.

In the 3HWC catalog presented by the HAWC Collabora-
tion, the flux and spectral index of each source is provided, as
evaluated at an energy of 7 TeV [5]. More information, how-
ever, is provided for some of these sources in HAWC'’s catalog
of TeV halos detected at energies above 56 TeV [4]. Averag-
ing the value of 7 over this collection of 9 sources (see Table
1 of Ref. [11]), we obtain (n) =~ 0.063, which is only slightly
higher than the value found using the approach described in
the previous paragraph. In light of these considerations, we
will adopt a range of () = 0.04 — 0.06 throughout the re-
mainder of this study.

To assess the spectral shape of the gamma-ray emission
from a typical TeV halo, we consider three sources which have
had their spectra measured in some detail [4]. In particular,
we will base our results on the spectral shapes of the emission
observed from eHWC J1825-134 (PSR J1826-1256), eHWC
J1907+063 (PSR J1907+0602), and eHWC J2019+368 (PSR
J2021+3651), as reported in Ref. [4] (see also, Ref [11]).

! One can define a TeV halo as an object in which the high-energy electrons
and positrons propagate primarily via diffusion, rather than convection or
advection, allowing us to distinguish TeV halos from pulsar wind nebu-
lae. For the purposes of the calculations contained within this paper, it is
not important how the electrons and positrons that produce the observed
gamma-ray emission propagate. Instead, our results are only sensitive to
the overall power (and spectrum) of the injected particles.



These sources each exhibit a spectrum that can be reasonably
well described by a smoothly broken power-law, which we
parameterize as follows:
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For the three above mentioned TeV halos, the spec-
trum of inverse Compton scattering given in Fig. 3 of
Ref. [11] is best fit by («, 8, Ep) = (1.65,3.36,5.9 TeV),
(1.58,3.08,6.2TeV), and (1.66,3.12,23.6 TeV), respec-
tively. Based on these selected sources, we adopt o = 1.63,

B = 3.18, and E, = 10TeV as our estimate for the spectral
shape of a typical TeV halo.?

III. GAMMA-RAY EMISSION FROM ANDROMEDA’S
TEV HALO POPULATION

Before moving forward to calculate the total gamma-ray
emission from the TeV halos found throughout the volume
of the observable Universe, we will consider in this section
the prospects for detecting such a signal from the TeV ha-
los located within the Andromeda Galaxy. The Andromeda
galaxy, or M31, is a spiral galaxy located at a distance of
dns1 =765+28 kpe from the Milky Way [23]. By comparing
its current rate of star formation to that of the Milky Way’s, we
will estimate the total gamma-ray emission from M31’s TeV
halo population and compare this to the sensitivity of existing
and future gamma-ray telescopes.

To estimate the current pulsar birth rate in M31, I', yv31, we
assume that this quantity scales with the overall star-formation
rate, I',, and thereby relate the pulsar birth rate in M31 to that
in the Milky Way as follows:

X Fp,MVV- (7)

While this relationship is only expected to apply to galax-
ies which produce stars with a similar initial mass function,
it should be safely applicable in the particular case of An-
dromeda and the Milky Way.

Many methods are used to determine or constrain the star-
formation rate of a given galaxy, including those based on ob-
servations of Lyman continuum photons, infrared emission,
Ha lines, ultra-violet emission, supernovae rates, and counts
of resolved stellar populations (for reviews, see Refs. [24,
25]). Many of these techniques are sensitive to the rate of
massive star formation, which can be extrapolated to deter-
mine the total star-formation rate for a given choice of the
inital mass function. Some of these techniques can be applied
to the case of the Milky Way, while others are more suitable to
other galaxies [26]. For example, Ho emission is often used

2 The spectral shapes of the gamma-ray emission from the TeV halos de-
scribed above are quite similar to that observed from other observed TeV
halos, including Geminga [1].

to estimate the star-formation rates of galaxies, but is not use-
ful in the plane of the Milky Way due to the effects of dust
extinction [26]. In this paper, we adopt for the Milky Way a
star-formation rate given by T'y vy = 1.65 & 0.19 Mgyr—1,
based on a combination of measurements including the Ly-
man continuum photon flux, supernovae rates, massive star
counts, and infrared emission [27]. For the case of M31, we
follow Ref. [28], which describes three methods for measur-
ing the star-formation rate of Andromeda. Using a combi-
nation of far-UV and 24 pm emission, Ha emission and 24
wm emission, and the total infrared emission, that study ob-
tained Ty \v31 = 0.31 £0.04 Moyr=1, 0.35 £0.01 Meyr—!,
and 0.40 £ 0.04 Mo yr—1, respectively. With these results in
hand, we adopt a range for I'y p31/ 'y mw that is given by
0.21 £ 0.04. After combining this in quadrature with a value
of 1.4 £ 0.2 pulsars per century for the Milky Way’s pulsar
birth rate [29], this yields a birth rate of 0.29 £ 0.07 pulsars
per century in M31. Alternatively, the observed rates for core-
collapse supernovae (CCSN) can be used to estimate the ratio
of pulsar birth rates in the Milky Way and Andromeda. Based
on Ref. [30], this yields CCSNy31 /CCSNyw ~ 0.25—0.75,
corresponding to a pulsar birth rate of ~ 0.3 — 1.2 per century
for M31, consistent with our previous determination.

Using this calculation for the pulsar rate in M31, we can
now estimate the total TeV halo emission from this galaxy.
We will proceed under the reasonable assumption that the TeV
halos in M31 generate gamma-ray emission that is similar in
overall intensity and spectral shape to those found in the Milky
Way. The total TeV-scale luminosity of the TeV halos in M31
can thus be expressed as Lyiz1 = Ip st (1) (Erot,0)/4md?.

In Fig. 1, we plot our estimate for the gamma-ray emis-
sion from the TeV halo population of M31. The width of this
band reflects the uncertainties in the gamma-ray efficiency
and pulsar birth rate. We compare this result to the upper
limits reported by the HAWC [31] and Fermi [32] (see also,
Refs. [35, 36]) Collaborations, as well as the projected sensi-
tivity of LHAASO [33] and CTA [34]. These projected sen-
sitivities were each calculated by simulating the detector re-
sponse to a Crab Nebula-like point source, and adopting an
observation time of 1 year (LHAASO) or 50 hours (CTA).
While our projections for this emission are consistent with
current constraints, the prospects for detecting this emission
with future telescopes seem promising. Assuming that exist-
ing measurements are reasonably representative of the broader
TeV halo population, TeV halos should provide the dominant
contribution to the 2 TeV gamma-ray emission from galaxies
such as the Milky Way and M31 [7].

In addition to characterizing the gamma-ray emission orig-
inating from TeV halos, future gamma-ray observations of
M31 will also provide valuable information pertaining to cos-
mic ray transport in that system, and will constrain more ex-
otic signals, such as emission from Andromeda supermassive
black hole, emission analogous to the Milky Way’s “Fermi
Bubbles”, and the products of dark matter annihilation or de-
cay [31, 32, 37, 38].
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Figure 1. The gamma-ray emission from the population of TeV halos in the Andromeda Galaxy (M31) is shown as a cyan band. The width
of this band reflects the uncertainties in the gamma-ray efficiency and pulsar birth rate, for which we have adopted the following ranges:
(n) = 0.04 — 0.06 and T',, m31 = 0.23 — 0.35 per century. These results are compared to the upper limits reported by the HAWC [31]
and Fermi [32] Collaborations, as well as the projected sensitivity of LHAASO [33] and CTA [34] (for 1 year and 50 hours of observation,
respectively). While our range of estimates for this emission are consistent with current constraints, the prospects for detecting this emission

with future telescopes appear promising.

IV. TEV HALOS AND THE ISOTROPIC GAMMA-RAY
BACKGROUND

In the previous section, we calculated the emission from
TeV halos in the nearby galaxy M31. In this section, we
will proceed to calculate the total emission from TeV halos
throughout the observable Universe, determining their con-
tribution to the isotropic gamma-ray background (IGRB) as
measured by the Fermi telescope [39].

Neglecting the effects of attenuation for the moment, the
spectrum of gamma rays per area per time per solid angle from
the integrated population of extragalactic TeV halos is given
by:
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where H(z) = Ho [Qar(1 + 2)3 + Q4]%? is the rate of Hub-
ble expansion, dI',/dV (=) is the average pulsar birth rate per
volume as a function of redshift, the quantity (E,q(0) X (1) is
the average total energy emitted from a pulsar in TeV-scale
gamma-rays, and dN,/dE’ is the average spectrum of the
gamma-ray emission from an individual pulsar, after account-
ing for the effects of cosmological redshift. The normalization
constant, A, has units of inverse energy, and is set such that
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Throughout this study, we will adopt 23, = 0.31, Q, = 0.69,
and Hy = 67.7 km/s/Mpc, as reported by the Planck Collab-
oration [40].

As we did in the case of M31, we will base our estimate for
the emission from the sum of all cosmologically distributed
TeV halos on that observed from these objects in the Milky
Way, scaling the relative intensities with the pulsar birth rate.
To estimate the pulsar birth rate as a function of redshift, we
adopt three different approaches. First, we estimate the pul-
sar birth rate as a function of redshift by scaling this func-
tion to the measured rate of star formation. More specifically,
we adopt the cosmic star-formation rate (per comoving vol-
ume) as reported in Ref. [41] (and using the parametric form
of Ref. [42]):

(0.017 + 0.132)h
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where h = 0.677. The 1o uncertainty associated with this
quantity is approximately +25% [43]. Assuming that the pul-
sar birth rate is proportional to the star-formation rate, we can
relate dI",,/dV (=) to this function, and to the local pulsar birth
rate to star-forming rate ratio:

dr,
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W(z) =
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Alternatively, we could instead scale the pulsar birth rate
to the rate of core collapse supernovae as measured, for ex-
ample, by the Lick Observatory Supernova Search (LOSS)
[44—47], and then normalize this to the rate of core collapse
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Figure 2. The comoving pulsar birth rate density as a function of redshift, calculated based on the star-formation rate density (yellow), the
core collapse supernova rate density (grey), and using the metallicity corrected method described in the text (blue). The bands reflect the 1o
uncertainties in the measurements of the star-formation rate density and the core collapse supernova rate.

supernovae in the Milky Way, Rccsy,mw = 1.9 &= 1.1 per
century [48]. This approach has the advantage of being less
sensitive to variations in the initial mass function, but suffers
from larger overall uncertainties and is limited to modest red-
shifts, z < 1.

As a third method, we have estimated the pulsar birth rate
over cosmic history from the evolution of the initial mass
function as a function of mass and metallicity. From the initial
mass function, we can calculate the number of neutron stars
that are formed per unit mass of star formation:
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where M,i, and M.y represent the mass range of stellar
progenitors that ultimately lead to the formation of a neutron
star. The function ¢ is the initial mass function, for which we
adopt the following [49]:
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where Z/Zz is the metallicity in solar units. Notice that
the slope at low masses follows the canonical behavior of
the Kroupa [50] initial mass function.

Depending on the mass of the final remnant, a core collapse
supernova can produce a neutron star or a black hole. We set
the threshold for this distinction to 2.5M,, which we then
relate to the maximum initial stellar mass, M, ., as a function
of metallicity according to Eqns. 5-9 in Ref. [51]. We then

0.5Ms < M < 100Mq

determine as follows the minimum initial stellar mass, M iy,
that can result the formation of a neutron star [51]:

log10(%/ %)
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Since the quantities ¢, Myax and My,;, each depend on
metallicity, we need to quantify the distribution of Z as a
function of redshift. To this end, we follow Ref. [52], which
provides a function for the fraction of the star-formation rate
density that has a metallicity less than Z at given redshift, z:

[0.84, (Z/Z4)?10°3]
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where I" and T are the incomplete and complete gamma func-
tions, respectively.

Putting this all together, the final cosmic pulsar birth rate
density is given by

T =p) [ D7) fs(2)dz. (%)

dv dz

In Fig. 2, we plot the pulsar birth rate density as a func-
tion of redshift, using each of the three methods described in
this section. The results are broadly consistent across these
three methods, although the distribution based on the star-
formation rate alone is somewhat larger at low redshifts than
is found when using the metallicity corrected approach. The
rate based on the rate of core collapse supernovae is consistent
with both other methods, although with large uncertainties. In
our main results, we will show the gamma-ray spectra pre-
dicted using cosmic pulsar birth rates as calculated using both
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Figure 3. The predicted contribution from TeV halos to the isotropic gamma-ray background, compared to the spectrum as measured and
reported by the Fermi Collaboration [39]. These results were derived using pulsar birth rates based on the measured star-formation rate,
with (blue) and without (yellow) corrections for metallicity. The grey bands around the Fermi error bars represent the systematic uncertainty
associated with the modelling of the Galactic foreground emission. In the left (right) frame, we show our results including (neglecting) the

important effects of attenuation and electromagnetic cascades.

the star-forming rate scaling, and the metallicity-corrected ap-
proach.

In calculating the contribution from TeV halos to the
isotropic gamma-ray background, it is necessary to take into
account the effects of attenuation and the electromagnetic cas-
cades that result from these interactions. In particular, TeV-
scale photons can efficiently scatter with the infrared back-
ground to produce electron-positron pairs which then gener-
ate lower energy photons as they cool through the process of
inverse Compton scattering. To account for this, we use the
publicly available code y-Cascade [53], which fully models
the effects of pair production, inverse Compton scattering, and
synchrotron losses (see also, Refs. [54-59]). This code adopts
a background radiation field based on the model of Ref. [60],
and adopts an extragalactic magnetic field of 1073 G. In
the case of the emission from TeV halos in M31 (as shown
in Fig. 1), the effects of attenuation are negligible due to the
proximity of this source. In contrast, in our calculation of the
contribution to the IGRB from this class of sources, these in-
teractions very substantially suppress the amount of emission
that is predicted at energies above ~100 GeV. In addition, the
gamma rays that are produced through electromagnetic cas-
cades significantly enhance the gamma-ray emission that is
expected at lower energies.

In the left frame of Fig. 3, we show the main result of this
paper, which is our estimate for the contribution from TeV
halos to the IGRB. In the right frame of Fig. 3, we show the
same thing but, for comparison, neglecting the effects of atten-
uation and the subsequent contribution from electromagnetic
cascades. While TeV halos produce very little of the emission
that is observed by Fermi at low energies, this class of sources

could be responsible for up to ~20% of the IGRB at 100 GeV,
and perhaps even an larger fraction at TeV-scale energies.

V. IMPLICATIONS FOR MILLISECOND PULSAR

POPULATIONS

Thus far, we have focused in this paper on the TeV halos
associated with young and middle aged pulsars. In addition to
these source classes, there exist pulsars with millisecond-scale
periods which have obtained their angular momentum through
interactions with a binary companion. Such “recycled” pul-
sars have lower magnetic fields, are much longer lived than
their young and middle aged counterparts.

Recent analyses of HAWC data have provisionally indi-
cated that millisecond pulsars (MSPs) generate TeV halos
with an efficiency and other characteristics that are similar to
those associated with young and middle-aged pulsars [21, 22].
In our calculation of the contribution from TeV halos to the
IGRB, we have not yet included any contribution from MSPs.
If, however, the total spindown power of the MSP population
is comparable to or larger than that associated with the young
and middle aged pulsar population, these sources could signif-
icantly increase our estimate for the contribution of TeV halos
to the IGRB.

The total spindown power of the Milky Way’s MSP popu-
lation is somewhat uncertain, in particular in regards to those
pulsars located in the Inner Galaxy. Among the 283 MSPs in
the ATNF catalog with a reported value of E, the total spin-
down power is 2.2 x 1037 erg/s. Given the highly incomplete
nature of this catalog, the total spindown power of all MSPs



in the Milky Way is likely to be larger than this number by
a factor of at least several, and perhaps significantly more.
Comparing this to the total spindown power of the young and
middle aged pulsars in the Milky Way, (Eiq0) I'p mw ~
(7 x 10%8 erg/s) (1.4 century ~') ~ 3 x 103% erg/s, we con-
sider it plausible that MSPs could constitute a significant frac-
tion of the total spindown power of the overall pulsar pop-
ulation. If it is robustly confirmed that MSPs generate TeV
halos [21, 22], this would lead us to potentially increase our
estimate for the contribution of TeV halos to the IGRB (and
from the TeV halo emission from M31).

Further complicating this calculation is the fact that the
MSP population density is not expected to scale with the cur-
rent star-formation rate. Instead, the number of MSPs in a
given galaxy will reflect the integrated star-formation history
and the subsequent rate of stellar encounters within that envi-
ronment (for example, see Ref. [61]).

With these uncertainties acknowledged and in mind, we
will proceed to estimate the gamma-ray emission from all
TeV halos (including those associated with MSPs) by sim-
ply scaling our previous results by a factor that is equal to
the total spindown power in all pulsars (including MSPs) di-
vided by the total spindown power neglecting MSPs. Using
the Milky Way pulsar populations to base this estimate, we
note that the median MSP in the ATNF catalog is located
only 3.6 kpc from Earth (considering only those MSPs with
a reported distance measurement), corresponding to only the
nearest 5% of the Galactic Plane, and clearly indicating that
most of the MSPs in the Milky Way have not yet been de-
tected. With this in mind, we estimate that including MSPs
would increase the fluxes shown in Figs. 1 and 3 by a factor
of roughly ~ 1+4[(2.2 x10%7)/0.05]/(3 % 10*? fream) ~ 1.5,
where fieam ~ 0.3 is the beaming fraction of a typical MSP.

VI. IMPLICATIONS FOR ICECUBE’S DIFFUSE
NEUTRINO FLUX

The results presented in the previous sections have po-
tentially significant implications for the fields of high-
energy gamma-ray and neutrino astrophysics. Studies uti-
lizing observed correlations between gamma-ray and multi-
wavelength emission have concluded that the IGRB is domi-
nated by emission from a combination of star-forming galax-
ies and non-blazar active galactic nuclei (sometimes referred
to as misaligned AGN). In particular, a recent study by Blanco
and Linden concluded that star-forming galaxies produce
56753% of the IGRB at 10 GeV, while non-blazar AGN con-
tribute 184_"1’3% of this signal at the same energy [62]. In con-
trast, the contributions to the IGRB from blazars (including
both BL Lacs and flat-spectrum radio quasars) [63—66], merg-
ering galaxy clusters [67—69], cosmic-ray interactions with
circum-galactic gas [70], and ultra-high energy cosmic ray
propagation [71-73] are each relatively small in comparison
to these two source classes (see also, Refs. [74-78]).

The diffuse flux of high-energy astrophysical neutrinos re-
ported by the IceCube Collaboration features an approxi-
mately power-law form over energies between tens of TeV

and several PeV [79-82], and exhibits flavor ratios that are
consistent with the predictions of pion decay [83]. The lack of
observed correlations in direction or time with known gamma-
ray bursts [84] or blazars [8§5-87] has strongly disfavored the
possibility that many of these events originate from members
of these source classes. This leaves star-forming galaxies and
non-blazar AGN as the leading candidates for the origin of
IceCube’s diffuse high-energy neutrino flux. If any combina-
tion of these two source classes is responsible for generating
the signal reported by IceCube, then these objects must also
contribute significantly to the IGRB as measured by Fermi.
More specifically, if cosmic-ray interactions in these sources
produce pions in optically thin environments, the decaying pi-
ons will produce neutrinos, 7t — p*v, — ety vy, and
gamma rays, 70 — 7, in a calculable ratio. Based on this re-
lationship, quantitative studies have shown that if these source
classes are responsible for IceCube’s diffuse neutrino flux,
they will also approximately saturate the IGRB, in particular
at energies above several GeV (see, for example, Ref. [88]).

The results presented in this study indicate that TeV halos
contribute significantly to the IGRB at the highest energies
measured by Fermi. On similar grounds, TeV halos have pre-
viously been shown to dominate the diffuse TeV-scale emis-
sion observed along the Galactic Plane by the Milagro tele-
scope [7]. In this sense, it appears that TeV halos are a signifi-
cant vector by which the process of star formation leads to the
production of very high-energy gamma-ray radiation.

A critical point in this context is that TeV halos are lep-
tonic sources, relying on inverse Compton scattering rather
than pion production to generate their observed gamma-ray
emission [1, 11]. This forces us to conclude that a significant
fraction of the highest energy gamma-ray emission observed
from star-forming galaxies is not hadronic in origin, but is in-
stead leptonic, suppressing the degree to which this class of
sources could potentially contribute to IceCube’s diffuse neu-
trino flux. By comparing the gamma-ray emission from star-
forming galaxies [62] to that predicted in this study from the
TeV halos, one can place an upper limit on the hadronic com-
ponent of the emission from star-forming galaxies. Although
the relevant uncertainties remain quite large at this time, this
comparison is suggestive of a significantly leptonic origin of
the TeV-scale emission from this class of sources. This con-
clusion would only be further strengthened if we were to in-
clude an estimated contribution from the TeV halos associated
with MSPs. If future observations continue to support the con-
clusion that MSPs produce TeV halos, this could potentially
disfavor star-forming galaxies as the primary source of Ice-
Cube’s diffuse flux, and (by default) favor non-blazar AGN as
the main sources of these mysterious particles.

VII. SUMMARY AND CONCLUSIONS

In this study, we have used the observed characteristics
of the Milky Way’s TeV halos to estimate the gamma-ray
emission from the population of these objects in the An-
dromeda Galaxy, as well as the contribution from TeV halos
to the isotropic gamma-ray background (IGRB). In the case



of Andromeda, we project that the Cherenkov Telescope Ar-
ray (CTA) will be sensitive to the diffuse, multi-TeV emission
from the TeV halos in that system. We also conclude that a
significant fraction of the IGRB is generated by TeV halos. In
particular, we estimate that at the highest energies measured
by Fermi, Egamma ~ 0.1 —1 TeV, on the order of 10% of the
IGRB is generated by TeV halos.

Taking this result into account would bring one to reduce
their estimate for the neutrino flux from star-forming galax-
ies, potentially providing support for the hypothesis that mis-
aligned AGN may be responsible for the diffuse neutrino flux
reported by the IceCube Collaboration. If it is confirmed that
millisecond pulsars also generate TeV halos, this would fur-

ther increase the degree to which TeV halos are estimated to
contribute to the IGRB.

ACKNOWLEDGMENTS

We would like to thank Tim Linden and Rich Kron for
helpful comments and discussions. DH is supported by the
Fermi Research Alliance, LLC under Contract No. DE-AC02-
07CH11359 with the U.S. Department of Energy, Office of
High Energy Physics.

[1] D. Hooper, I. Cholis, T. Linden, and K. Fang, Phys. Rev. D 96,
103013 (2017), arXiv:1702.08436 [astro-ph.HE].

[2] T. Linden, K. Auchettl, J. Bramante, I. Cholis, K. Fang,
D. Hooper, T. Karwal, and S. W. Li, Phys. Rev. D 96, 103016
(2017), arXiv:1703.09704 [astro-ph.HE].

[3] A. U. Abeysekara et al. (HAWC), Science 358, 911 (2017),
arXiv:1711.06223 [astro-ph.HE].

[4] A.U. Abeysekara et al. (HAWC), Phys. Rev. Lett. 124, 021102
(2020), arXiv:1909.08609 [astro-ph.HE].

[5] A. Albert et al. (HAWC), Astrophys. J. 905, 76 (2020),
arXiv:2007.08582 [astro-ph.HE].

[6] A. A. Abdo, B. T. Allen, T. Aune, D. Berley, C. Chen, G. E.
Christopher, T. DeYoung, B. L. Dingus, R. W. Ellsworth, M. M.
Gonzalez, J. A. Goodman, E. Hays, C. M. Hoffman, P. H. Hiin-
temeyer, B. E. Kolterman, J. T. Linnemann, J. E. McEnery,
T. Morgan, A. I. Mincer, P. Nemethy, J. Pretz, J. M. Ryan, P. M.
Saz Parkinson, A. Shoup, G. Sinnis, A. J. Smith, V. Vasileiou,
G. P. Walker, D. A. Williams, and G. B. Yodh, apjl 700, L127
(2009), arXiv:0904.1018 [astro-ph.HE].

[7] T. Linden and B. J. Buckman, Phys. Rev. Lett. 120, 121101
(2018), arXiv:1707.01905 [astro-ph.HE].

[8] H. Abdalla et al. (HESS), Astron. Astrophys. 612, A1 (2018),
arXiv:1804.02432 [astro-ph.HE].

[9] H. Abdalla et al. (HESS), Astron. Astrophys. 612, A2 (2018),
arXiv:1702.08280 [astro-ph.HE].

[10] A. Albert et al. (HAWC), Astrophys. J. Lett. 911, L.27 (2021),
arXiv:2101.07895 [astro-ph.HE].

[11] T. Sudoh, T. Linden, and D. Hooper, “The highest energy
hawc sources are leptonic and powered by pulsars,” (2021),
arXiv:2101.11026 [astro-ph.HE].

[12] B. M. Gaensler and P. O. Slane, Ann. Rev. Astron. Astrophys.
44, 17 (2006), arXiv:astro-ph/0601081.

[13] E Ozel, D. Psaltis, R. Narayan, and A. Santos Villarreal, The
Astrophysical Journal 757, 55 (2012).

[14] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett.
121, 161101 (2018), arXiv:1805.11581 [gr-qc].

[15] V.M. Kaspi, M. E. Roberts, G. Vasisht, E. V. Gotthelf, M. Pivo-
varoff, and N. Kawai, The Astrophysical Journal 560, 371-377
(2001).

[16] S. B. Popov and R. Turolla, Astrophysics and Space Science
341, 457464 (2012).

[17] A. P. Igoshev and S. B. Popov, Monthly Notices of the Royal
Astronomical Society 432, 967-972 (2013).

[18] R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs, As-
tron. J. 129, 1993 (2005), arXiv:astro-ph/0412641.

[19] J. P. Ostriker and J. E. Gunn, Astrophys. J. 157, 1395 (1969).

[20] S. Johnston and D. Galloway, Monthly Notices of the Royal
Astronomical Society 306, L50-L54 (1999).

[21] D. Hooper and T. Linden, “Evidence of tev halos around mil-
lisecond pulsars,” (2021), arXiv:2104.00014 [astro-ph.HE].

[22] D. Hooper and T. Linden, Phys. Rev. D 98, 043005 (2018),
arXiv:1803.08046 [astro-ph.HE].

[23] A. G. Riess, J. Fliri, and D. Valls-Gabaud, The Astrophysical
Journal 745, 156 (2012).

[24] R. C. Kennicutt, Jr. and N. J. Evans, II, Ann. Rev. Astron. As-
trophys. 50, 531 (2012), arXiv:1204.3552 [astro-ph.GA].

[25] P. Madau and M. Dickinson, Annual Review of Astronomy and
Astrophysics 52, 415-486 (2014).

[26] L. Chomiuk and M. S. Povich, The Astronomical Journal 142,
197 (2011).

[27] T. C. Licquia and J. A. Newman, The Astrophysical Journal
806, 96 (2015).

[28] S. Rahmani, S. Lianou, and P. Barmby, Monthly Notices of the
Royal Astronomical Society 456, 4128-4144 (2016).

[29] D. R. Lorimer, A. J. Faulkner, A. G. Lyne, R. N. Manchester,
M. Kramer, M. A. McLaughlin, G. Hobbs, A. Possenti, I. H.
Stairs, F. Camilo, M. Burgay, N. D’ Amico, A. Corongiu, and
F. Crawford, mnras 372, 777 (2006), arXiv:astro-ph/0607640
[astro-ph].

[30] K. Rozwadowska, F. Vissani, and E. Cappellaro, New Astron-
omy 83, 101498 (2021).

[31] A. Albert, R. Alfaro, C. Alvarez, J. C. Arteaga-Veldzquez, K. P.
Arunbabu, D. Avila Rojas, H. A. Ayala Solares, E. Belmont-
Moreno, S. Y. BenZvi, C. Brisbois, and et al., The Astrophysi-
cal Journal 893, 16 (2020).

[32] M. Ackermann, M. Ajello, A. Albert, L. Baldini, J. Ballet,
G. Barbiellini, D. Bastieri, R. Bellazzini, E. Bissaldi, E. D.
Bloom, and et al., The Astrophysical Journal 836, 208 (2017).

[33] X. Bai, B. Y. Bi, X. J. Bi, Z. Cao, S. Z. Chen, Y. Chen, A. Chi-
avassa, X. H. Cui, Z. G. Dai, D. della Volpe, T. D. Girolamo,
G. D. Sciascio, Y. Z. Fan, J. Giacalone, Y. Q. Guo, H. H. He,
T. L. He, M. Heller, D. Huang, Y. F. Huang, H. Jia, L. T. Kseno-
fontov, D. Leahy, F. Li, Z. Li, E. W. Liang, P. Lipari, R. Y.
Liu, Y. Liu, S. Liu, X. Ma, O. Martineau-Huynh, D. Martraire,
T. Montaruli, D. Ruffolo, Y. V. Stenkin, H. Q. Su, T. Tam, Q. W.
Tang, W. W. Tian, P. Vallania, S. Vernetto, C. Vigorito, J. . C.
Wang, L. Z. Wang, X. Wang, X. Y. Wang, X. J. Wang, Z. X.
Wang, D. M. Wei, J. J. Wei, D. Wu, H. R. Wu, X. F. Wu,
D. H. Yan, A. Y. Yang, R. Z. Yang, Z. G. Yao, L. Q. Yin,
Q. Yuan, B. Zhang, B. Zhang, L. Zhang, M. F. Zhang, S. S.



Zhang, X. Zhang, Y. Zhao, X. X. Zhou, F. R. Zhu, and H. Zhu,
“The large high altitude air shower observatory (lhaaso) science
white paper,” (2019), arXiv:1905.02773 [astro-ph.HE].

[34] B. S. Acharya et al. (CTA Consortium), Astropart. Phys. 43, 3
(2013).

[35] C. Karwin, S. Murgia, S. Campbell, and I. Moskalenko, PoS
ICRC2019, 570 (2021), arXiv:1903.10533 [astro-ph.HE].

[36] C. M. Karwin, S. Murgia, I. Moskalenko, S. Fillingham, A.-
K. Burns, and M. Fieg, Phys. Rev. D 103, 023027 (2021),
arXiv:2010.08563 [astro-ph.HE].

[37] F. A. Aharonian, A. G. Akhperjanian, M. Beilicke, K. Bern-
Iohr, H. Bojahr, O. Bolz, H. Borst, T. Coarasa, J. L. Con-
treras, J. Cortina, S. Denninghoff, V. Fonseca, M. Girma,
N. Gotting, G. Heinzelmann, G. Hermann, A. Heusler, W. Hof-
mann, D. Horns, 1. Jung, R. Kankanyan, M. Kestel, J. Ket-
tler, A. Kohnle, A. Konopelko, H. Kornmeyer, D. Kranich,
H. Krawczynski, H. Lampeitl, M. Lopez, E. Lorenz, F. Lu-
carelli, O. Mang, H. Meyer, R. Mirzoyan, A. Moralejo, E. Ona,
M. Panter, A. Plyasheshnikov, G. Piihlhofer, G. Rauterberg,
R. Reyes, W. Rhode, J. Ripken, A. Rohring, G. P. Rowell, V. Sa-
hakian, M. Samorski, M. Schilling, M. Siems, D. Sobzynska,
W. Stamm, M. Tluczykont, H. J. Volk, C. A. Wiedner, and
W. Wittek, aap 400, 153 (2003), arXiv:astro-ph/0302347 [astro-
phl.

[38] A. McDaniel, T. Jeltema, and S. Profumo, Phys. Rev. D 100,
023014 (2019), arXiv:1903.06833 [astro-ph.HE].

[39] M. Ackermann, M. Ajello, A. Albert, W. B. Atwood, L. Baldini,
J. Ballet, G. Barbiellini, D. Bastieri, K. Bechtol, R. Bellazzini,
and et al., The Astrophysical Journal 799, 86 (2015).

[40] N. Aghanim er al. (Planck), Astron. Astrophys. 641, A6
(2020), [Erratum:  Astron.Astrophys. 652, C4 (2021)],
arXiv:1807.06209 [astro-ph.CO].

[41] A. M. Hopkins and J. F. Beacom, The Astrophysical Journal
651, 142-154 (2006).

[42] S. Cole, P. Norberg, C. M. Baugh, C. S. Frenk, J. Bland-
Hawthorn, T. Bridges, R. Cannon, M. Colless, C. Collins,
W. Couch, and et al., Monthly Notices of the Royal Astro-
nomical Society 326, 255-273 (2001).

[43] S. Horiuchi, J. F. Beacom, C. S. Kochanek, J. L. Prieto, K. Z.
Stanek, and T. A. Thompson, The Astrophysical Journal 738,
154 (2011).

[44] J. Leaman, W. Li, R. Chornock, and A. V. Filippenko, mnras
412, 1419 (2011), arXiv:1006.4611 [astro-ph.SR].

[45] W.Li,J. Leaman, R. Chornock, A. V. Filippenko, D. Poznanski,
M. Ganeshalingam, X. Wang, M. Modjaz, S. Jha, R. J. Foley,
and N. Smith, mnras 412, 1441 (2011), arXiv:1006.4612 [astro-
ph.SR].

[46] W.Li, R. Chornock, J. Leaman, A. V. Filippenko, D. Poznanski,
X. Wang, M. Ganeshalingam, and F. Mannucci, mnras 412,
1473 (2011), arXiv:1006.4613 [astro-ph.SR].

[47] D. Maoz, F. Mannucci, W. Li, A. V. Filippenko, M. D. Valle,
and N. Panagia, Monthly Notices of the Royal Astronomical
Society 412, 1508-1521 (2011).

[48] R. Diehl, H. Halloin, K. Kretschmer, G. G. Lichti, V. Schon-
felder, A. W. Strong, A. von Kienlin, W. Wang, P. Jean,
J. Knodlseder, J.-P. Roques, G. Weidenspointner, S. Schanne,
D. H. Hartmann, C. Winkler, and C. Wunderer, Nature (Lon-
don) 439, 45 (2006), arXiv:astro-ph/0601015 [astro-ph].

[49] M. Marks, P. Kroupa, J. Dabringhausen, and M. S. Pawlowski,
Monthly Notices of the Royal Astronomical Society 422,
2246-2254 (2012).

[50] P. Kroupa, mnras 322, 231 (2001), arXiv:astro-ph/0009005
[astro-ph].

[51] C. L. Fryer, K. Belczynski, G. Wiktorowicz, M. Dominik,
V. Kalogera, and D. E. Holz, The Astrophysical Journal 749,
91 (2012).

[52] N. Langer and C. A. Norman, The Astrophysical Journal 638,
L63-1L66 (2006).

[53] C. Blanco, Journal of Cosmology and Astroparticle Physics
2019, 013-013 (2019).

[54] K. Murase, Astrophys. J. Lett. 745, L16
arXiv:1111.0936 [astro-ph.HE].

[55] K. Murase and J. F. Beacom, JCAP 10, 043 (2012),
arXiv:1206.2595 [hep-ph].

[56] K. Murase, C. D. Dermer, H. Takami, and G. Migliori, Astro-
phys. J. 749, 63 (2012), arXiv:1107.5576 [astro-ph.HE].

[57] K. Murase, J. F. Beacom, and H. Takami, JCAP 08, 030 (2012),
arXiv:1205.5755 [astro-ph.HE].

[58] V. Berezinsky and O. Kalashev, Phys. Rev. D 94, 023007
(2016), arXiv:1603.03989 [astro-ph.HE].

[59] C. Blanco and D. Hooper, JCAP 12, 017 (2017),
arXiv:1706.07047 [astro-ph.HE].

[60] A. Dominguez, J. R. Primack, D. J. Rosario, F. Prada, R. C.
Gilmore, S. M. Faber, D. C. Koo, R. S. Somerville, M. A. Pérez-
Torres, P. Pérez-Gonzdlez, and et al., Monthly Notices of the
Royal Astronomical Society 410, 25562578 (2010).

[61] A. Bahramian, C. O. Heinke, G. R. Sivakoff, and J. C. Glad-
stone, Astrophys. J. 766, 136 (2013), arXiv:1302.2549 [astro-
ph.HE].

[62] C. Blanco and T. Linden, “Gamma-rays from star forming ac-
tivity appear to outshine misaligned active galactic nuclei,”
(2021), arXiv:2104.03315 [astro-ph.HE].

[63] A. Cuoco, E. Komatsu, and J. M. Siegal-Gaskins, Phys. Rev. D
86, 063004 (2012), arXiv:1202.5309 [astro-ph.CO].

[64] J. P. Harding and K. N. Abazajian, JCAP 11, 026 (2012),
arXiv:1206.4734 [astro-ph.HE].

[65] M. Ajello, M. S. Shaw, R. W. Romani, C. D. Dermer,
L. Costamante, O. G. King, W. Max-Moerbeck, A. Readhead,
A. Reimer, J. L. Richards, and et al., The Astrophysical Journal
751, 108 (2012).

[66] A. A. Abdo, M. Ackermann, M. Ajello, E. Antolini, L. Baldini,
J. Ballet, G. Barbiellini, D. Bastieri, B. M. Baughman, K. Bech-
tol, and et al., The Astrophysical Journal 720, 435-453 (2010).

[67] U. Keshet, E. Waxman, A. Loeb, V. Springel, and L. Hernquist,
Astrophys. J. 585, 128 (2003), arXiv:astro-ph/0202318.

[68] S. Gabici and P. Blasi, Astropart. Phys. 19, 679 (2003),
arXiv:astro-ph/0211573.

[69] S. Gabici and P. Blasi, Astropart. Phys. 20, 579 (2004),
arXiv:astro-ph/0306369.

[70] R. Feldmann, D. Hooper, and N. Y. Gnedin, The Astrophysical
Journal 763, 21 (2012).

[71] A. M. Taylor, M. Ahlers, and D. Hooper, Phys. Rev. D 92,
063011 (2015), arXiv:1505.06090 [astro-ph.HE].

[72] M. Ahlers and J. Salvado, Phys. Rev. D 84, 085019 (2011),
arXiv:1105.5113 [astro-ph.HE].

[73] G. B. Gelmini, O. Kalashev, and D. V. Semikoz, Journal of
Cosmology and Astroparticle Physics 2012, 044-044 (2012).

[74] D. Hooper, T. Linden, and A. Lopez, JCAP 08, 019 (2016),
arXiv:1604.08505 [astro-ph.HE].

[75] T. Linden, Phys. Rev. D 96, 083001 (2017), arXiv:1612.03175
[astro-ph.HE].

[76] 1. Tamborra, S. Ando, and K. Murase, JCAP 09, 043 (2014),
arXiv:1404.1189 [astro-ph.HE].

[77] M. Di Mauro, F. Calore, F. Donato, M. Ajello, and L. La-
tronico, Astrophys. J. 780, 161 (2014), arXiv:1304.0908 [astro-
ph.HE].

[78] Y. Inoue, The Astrophysical Journal 733, 66 (2011).

(2012),



[79] M. G. Aartsen et al. (IceCube), Astrophys. J. 809, 98 (2015),
arXiv:1507.03991 [astro-ph.HE].

[80] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 115, 081102
(2015), arXiv:1507.04005 [astro-ph.HE].

[81] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 113, 101101
(2014), arXiv:1405.5303 [astro-ph.HE].

[82] M. G. Aartsen et al. (IceCube), Science 342, 1242856 (2013),
arXiv:1311.5238 [astro-ph.HE].

10

[83] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 114, 171102
(2015), arXiv:1502.03376 [astro-ph.HE].

[84] Nature 484, 351-354 (2012).

[85] D. Smith, D. Hooper, and A. Vieregg, JCAP 03, 031 (2021),
arXiv:2007.12706 [astro-ph.HE].

[86] D. Hooper, T. Linden, and A. Vieregg, JCAP 02, 012 (2019),
arXiv:1810.02823 [astro-ph.HE].

[87] T. Gliisenkamp (IceCube), EPJ Web Conf. 121, 05006 (2016),
arXiv:1502.03104 [astro-ph.HE].

[88] D. Hooper, JCAP 09, 002 (2016), arXiv:1605.06504 [astro-
ph.HE].



