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Emission that is (at least primarily)
powered by the rotational power
of the pulsar.

Precision studies are possible
because that quantity is well-
known.

Also provides evidence of pulsar
age, magnetic field, distance.
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MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR MAGNETOSPHERE

» Critical e*e- creation point is
the pulsar magnetosphere.

» 1.) Electrons “boiled” off
the pulsar surface, and
accelerated to TeV-PeV
energies.

» 2.) Synchrotron emission
produces e*e- pairs which
then cascade to produce a
high ete- multiplicity.

» 3.) Ratio of e* to e leaving
pulsar may not be 1:1. 3



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR MAGNETOSPHERE

Kalapotharakos et al. (2017; 1710.03170)

» Critical ete- creation point is
the pulsar magnetosphere.

» 1.) Electrons “boiled” off
the pulsar surface, and
accelerated to TeV-PeV
energies.

» 2.) Synchrotron emission
produces e*e- pairs which
then cascade to produce a
high ete- multiplicity.

» 3.) Ratio of e* to e leaving
pulsar may not be 1:1.




McCann (2014; 1412.2422)

= Average Young Pulsar
~— Average Millisecond Pulsar

2 o AEE)
- E dE = A(E/GeV) e |b fixed to 1]

; {EE )°
E‘g—g = A(E/GeV)'e “ [b floating]

Crab Pulsar [Aliu et al, 2011]

1 3 4

0 10
Energy [MeV]

Critical ete- creation point is the pulsar magnetosphere.

Interestingly - many pulsars have similar gamma-ray
Spectra.



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR WIND NEBULA

Gaensler & Slane (2006; astro-ph/0601081)

» These e+e- are then
propelled outward in a
wind

@) ®) -

» Complex interplay | e .0
between PWN and SNR e

Radio (NRAO)  * - Optical (ESO)*

2 arcemin

» Free Expansion Phase ©) (d) toroidal wisps

» Sedov Phase

knots

» ISM Phase jet \ !

» Reacceleration of e+e-
and final electron
spectrum not well
understood.

Composite (CXC) N2weee  Xoray (CXC)




MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: PULSAR WIND NEBULA
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Very high energy gamma-ray astronomy and the origin of cosmic rays

F.A Alarvnian

Max- Planck-Tnst:tat fiir Kernphysik,

Saupferchechkwep 1, D-A9029 Meidelberg, Germany

The paper highlights the status and motivations of vezy high encigy (& > 100GeV)] v ray astconomy in the
wra ol Lae Complon GRO. | discuss the pocentinl of fazure ground-based v-ray observations with emphrsis an
objectives connecsed with the general problems of the veigin of galuctic cosmic vays.

1. INTRODUCTION

It is difficult to overestimate the significance of
Lhe study of primary cosmiz q-rays by ground-
based detectors. The ouistanding sueeess of the
Compton Gamma- Ray Olsurvatory, in parbicular
the results ohbigined by the Energstic Gamma-
Ray Experimeat Telescope (EGRET) (1), indi
cate an obyious necessity for 2 new generation of
sutellile-borne high energy v1ay deteciors, The
primary wirn of Lhis aclivity seems o be in per-
forming deep sky surveys in y-rays at energies
E < 10GeV, Furcthermoere, since moest of the
EGRET sourccs do net exhibil spectral cutoffs in
the 1-10 GeV region, the extension of investiga.
tions into the wnexplored region beyond 10 Gey
szems to be the second important issue. However,
for any practicable effective arca of space-basced -
ruy telmenpes (8 < [0m7) the very kigh enerpy
[VHE) region sbove 100 GeV will remaix, at least
in the foresecable future, the provice: of ground-
baesd 7-ray deleclors. Mareover, it s Likely that
the ground-based detectors will fill {partially, of
couese) cthe *vacuum™ of the high energy y-ray
obseryaticns from space whick s unfortunately
expected during at least several years efter the
expiration of the GRO rmission.

al TeV and/ar PeV energies. At first sighd, the
picture seems rether impressive, llowever, closer
cxamination of these rcsults shows that most of
them have marginal statistical significance [2]. Tn
[act, there are only 3 undisputed DC saurces of
VHE ~ rays associated with the Czab Nebula, the
aclive galaxy Markerian 421, and the pulsar PSR
B1T06-44 [see eg. [3]). Aleo, tene of episodic
cveats reported by several groups from X-ray bi-
nacies amd calaclysmic vasiables like Her X-1,
Vela X 1 and AE Aq {for review sec [2),[£]] per-
haps rould be added Lo Lhis *ligt" of VHE 4-ray
emillers, And finally, it shounld be also msntioned
that Cyvg X-3 has been claimed by many groups as
an emitter of nentral partizles at GeV, TeV, TPeV
and BeV energies (for review sce [2,[5]). Cyg X-
3 hax played perhaps the most imperiant role in
ihe 805 in the renewed nterest m ground based
r-ray ohservations, buironizally this very source
has crested, ko some extent, R =ertain doubt ean-
cerning the credibility of most results of grouud-
based y-ray astronomy in the past. Most of ex-
peris treat these dats with a healthy degree of
scepticisto due to the low confidence level of the
cxperimental 1esulls and Lhe reporled extranrdi-
nary cherarteristics of the primary radintion
One of the srincipal reasons far the slow devel-

Tetror = 130

Lifetime of TeV electrons is
longer than lifetime of PWN:

.

1 TeV 10 G ’
o
E B :

These electrons must escape -

and propagate through the
ISM.

Propagation through ISM is
very efficient.



MULTIPLE MECHANISMS FOR GAMMA-RAY PRODUCTION: TEV HALO

Moon (To Scale)
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PSR B0656+14
» Emission Region is much larger — but not too large.



In addition to being much larger — the evolution of the
morphology is very different ﬁ P > 51 R

PWN < 5.1 kpc

' Fit = std dev (0.32 dex)
Min. extension (0.03 deqg) al 5.1 kpc
Max. extension (0.6 deg) at 5.1 kpc

N157C

PWN in the ISM have a radius that
is proportional to spindown power.
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TeV Halos have an extension that is
inversely proportional to spindown
power (perhaps, proportional to

age).




Emission Profile is
consistent with particle
diffusion

Strong evidence that
particles are propagating
through turbulent
magnetic fields.
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Abeysekara et al. (2017; 1711.06223)
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This is not unique to Geminga and Monogem




Sudoh, TL, Hooper (2021; 2101.11026)
j eHWC J]1825-134

8 out of 29 HAWC i ey :
PSR J]1826-1256 PSR |]1826-1334
- (Na=0.9,Pg=3C ms, tyg = 18 kyr]
r x

(Ne=0.1.Pp =30 ms, &g = 13 kyr)

sources above 56 TeV B e A
are consistent with

et

FiF, [TeV cm™? 571

pulsars.

Ecr=1PeV
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100 TeV
TURE Bt
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‘ eHWC |1907+063 eHWC |2019+3648

Most have spectra more o vl
consistent with leptonic, 2

rather than hadronic,
emission.
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This is not unique to Geminga and Monogem



LHAASO Collaboration (2021; 2106.09396)
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This is not unique to Geminga and Monogem.

Moreover - a similar inhibition of diffusion and spatial extent
are observed in pulsars spanning from 20-300 kyr.



CONCLUSION 1: TEV HALOS ARE A NEW FEATURE

* TeV halos are a new feature
e 3 orders of magnitude larger than PWN in volume

e Opposite energy dependence

19722

* PWN are morphologically 1024
connected to the physics E
of the termination shock <

2 15 28
19~>0

e TeV halos need a similar 10-32

morphological description. Rodius (n parsee;



DIFFERENCES IN DEFINITION

e An alternative definition of a “TeV halo” has been used by
Giacinti et al. 2019 (1907.12121)

e Linden etal.(2017)- ATeV halo is a leptonic gamma-ray
source surrounding a pulsar, where the electrons are
diffusing through the medium (rather than being driven by
convective pulsar winds).

e Giacinti et al. (2019) - ATeV halo is a leptonic gamma-ray
source surrounding a pulsar, where the emission stems from
a region where the electron density falls below the ambient
ISM electron density.




DOES IT MATTER?

» Physics is invariant under a change in definition.

» ICS Halos, Gamma-Ray Halos — Same physical objects and
may use either definition.

SNR
(hadronic/leptonic)




Sudoh, TL, Beacom (2019; 1902.08203)

Observations of
Geminga and Monogem ‘ l0g 58 [G] = 13.20 = = -
indicate that they convert : ., 1091086121285 T
~10% of their spindown ORigRRslI= 10
power to e+e- pairs that

escape the PWN.

We assume this is
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generic for all pulsars, " Biue PO ma
but examine significant © Black: Py = 300 ms
changes in pulsar PR S
parameters. Pulsar Age [yr]
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Sudoh, TL, Beacom (2019; 1902.08203)

Geminga and Monogem data
indicate that they convert ~10%
of their spindown power to e+e-
pairs that escape the PWN.
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We assume this is generic for all
pulsars, but examine significant
changes in pulsar parameters.
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17.77 |
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IMPLICATION 1: DIFFUSE TEV GAMMA-RAYS

Big Dipper/é e \\
Cassiopeia

% Cygnus
. P
' Markarian 501 Markarian 421
Crab Ncbula

/ > 5

. Milky Way Geminga

\ Orion
%
\ A\ Libra
Sagittarius \k\;

* There is bright difftuse gamma-ray emission across the
galactic plane.

e Ratio of point source emission to diffuse emission is a
powerful marker of emission mechanisms and local
propagation.



IR

|

|

10°®

| llllll|

|

—
Q
o

——- ARGO-YBJ
~*~ Fermi-LAT
—— Milagro
-=— EGRET

e
‘_m
0
E
Q
=
QO
-
S’
L
©
—
=z
L*)
™
L

| IIIIIII

|

10-10 1 | llllllI | | llllllI | | lllllll | | lllllll | | lllllll | | IlllllI 1 i
107 10 107 1072 10" 1 10 102
Energy(TeV)




TeV halos naturally explain
the spectrum and intensity
of this emission.

Multiple halos observed
with E-2.0 spectra.

Note - “Halo"” is not needed

Pulsar efficiency ~10%

Power must escape PWN
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Fang & Murase (2021; 2104.09491)

TeV halos naturally explain
the SpeCtrum and intenSity we == Tnverse Compton by Cooled e~

—
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Multiple halos observed
with E-2.0 spectra.
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IMPLICATION 2: SOURCES

* Radio pulsars are beamed!

* Beaming fraction is small

ROTATION
AXIS

~ . RADIATION
pr BEAM

2
T
1.1 (logo [~ 15| %
(“glo(mo Myr)> 1017

Tauris & Manchester (1998)

> This varies between 15-30%.

RADIATION
BEAM

> Most pulsars are unseen in radio!
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LHAASO Sky @ >100 TeV
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Do MSPs Have TeV Halos?

(em—* g—1 Tv\""])

Tentative: 4.240 evidence from
a HAWC stacking analysis.

C

Important theoretical
implications:

Cosmic-Ray confinement near pulsars?

Cosmic-Ray diffusion at high latitudes

PWN/Magnetospheric acceleration
models.

=

Hooper, TL(2021; 2104.00014)




IMPLICATION 3: POSITRON EXCESS

What were the uncertainties in pulsar models?

|: The ete- production efficiency?

%. A quantitative discussion of plausible values for f.+ was recently given in Ref. [38].

We shall not review their discussion here, but Ref. [38| argues (see in particular their very

informative App. B and C) that in the context of a standard model for the pulsar wind

nebulae, a reasonable range for f.+ falls between 1% and 30%.



IMPLICATION 3: POSITRON EXCESS

e What were the uncertainties in pulsar models?

® |: The ete- production efficiency?

* ll: The ete- spectrum.
Hooper et al. (2008; 0810.1527)

part of their energy adiabatically because of the expansion of the wind. The energy spectrum injected by a single
pulsar depends on the environmental parameters of the pulsar, but some attempts to calculate the average spectrum
injected by a population of mature pulsars suggest that the spectrum may be relatively hard, having a slope of

~1.5-1.6 [18]. This spectrum, however, results from a complex interplay of individual pulsar spectra, of the spatial
and age distributions of pulsars in the Galaxy, and on the assumption that the chief channel for pulsar spin down
i1s magnetic dipole radiation. Due to the related uncertainties, variations from this injection spectra cannot be ruled
out. Typically, one concentrates the attention on pulsars of age ~10° years because younger pulsars are likely to still

e |ll: The propagation of ete- to Earth.



IMPLICATION 3: POSITRON EXCESS

TeV Halos answer both of these questions!

Hooper, Cholis, TL, Fang (2017; 1702.08436)

Geminga
a=1.9

Can use gamma-ray flux
at the source to
determine the total ete-
energy!

In agreement with
models of the positron
excess!




IMPLICATION 3: POSITRON EXCESS

Il: The propagation of ete- to Earth. Abeysekara et al. (2017; 1711.06223)
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Models to Explain Inhibited
Diffusion:

Diffusion Coefficient in
TeV halos:
~1028 cm2s1at 10 TeV

Surface Brightness [10712 TeV cm~2 s ! deg~?]

Average diffusion
coefficient in Milky Way:
~1030 cm2s-1 at 10 TeV

Prob. density
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Abeysekara et al. (2017; 1711.06223)
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Models to Explain Inhibited
Diffusion:

Diffusion Coefficient in
TeV halos:

~1028 cm2s1at 10 TeV

Local diffusion coefficient
is much higher.
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Hooper & TL (2017; 1711.07482)

D = (3.86 x 10” cm?/s) E*
d = 200pc

D = (3.86 x 10% em? /s) %%
—  Sum
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Lessons from HAWC PWNe observations: the diffusion constant is not a constant;
Pulsars remain the likeliest sources of the anomalous positron fraction; Cosmic rays
are trapped for long periods of time in pockets of inefficient diffusion

Stefano Profumo,’ ' * Javier Reynoso-Cordova.?® T Nicholas Kaaz,''* and Maya Silverman®:®

'Department of Physics, Urnwversity of California,
1156 High St. Santa Cruz, CA 95060, United States of America

“Santa Cruz Institute for Particle Physics, 1156 High St. Senta Cruz, CA 95060, United States of America
¥ Departamento de Fisica, DCI, Campus Ledén, Universidad de Guanajuato, 37150, Leén, Guanajuato, México

Recent TeV observations of nearby pulsars with the HAWC telescope have been interpreted as
evidence that diffusion of high-energy electrons and positrons within pulsar wind nebulae is highly
inefficient compared to the rest of the interstellar medium. If the diffusion coefficient well outside
the nebula is close to the value inferred for the region inside the nebula, high-energy electrons
and positrons produced by the two observed pulsars could not contribute significantly to the local
measured cosmic-ray flux. The HAWC collaboration thus concluded that, under the assumption
of isotropic and homogeneous diffusion, the two pulsars are ruled out as sources of the anomalous
high-energy positron flux. Here, we argue that since the diffusion coefficient is likely not spatially
homogeneous, the assumption leading to such conclusion is flawed. We sclve the diffusion equation
with a radially dependent diffusion coefficient, and show that the pulsars observed by HAWC pro-
duce potentially perfect matches to the observed high-energy positron fluxes. We also study the
implications of inefficient diffusion within pulsar wind nebulae on Galactic scales, and show that
cosmic rays are likely to have very long residence times in regions of inefficient diffusion. We describe
how this prediction can be tested with studies of the diffuse Galactic emission.




Models to Explain
Inhibited Diffusion:

Pre-Existing Regions of
Low Diffusion
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Abeysekara et al. (2017; 1711.06223)
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Liu, Yan, Zhang (2019; 1904.11536)

Models to Explain
Inhibited Diffusion:
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Models to Explain
Inhibited Diffusion:

Transition from Ballistic
Propagation

Bao, Fang & Bi (2021; 2107.07395)

'C‘
N
U
-
~
-
()
—
>
Q
=
D
ke
S——
-
=
S

Recchia et al. (2021; 2106.02275)

Diff. D =8 x 10%* cm?/s

—— Diff.+Ball. D =1 x 10%® cm?/s
Diff. D=1 x 102¢ cm?/s
68% Band Diff.
68% Band Diff.+Ball.
Geminga HAWC E =5 TeV




Models to Explain
Inhibited Diffusion:

The Pulsar/SNR could
lower the surrounding
diffusion coefficient

Evoli, TL, Morlino (2018; 1807.09263)

=10 TeV

Kolmogorov
F

a=24a.5n




Mukhopadhyay & TL (2021; TBS)

Models to Explain
Inhibited Diffusion:

The Pulsar/SNR could
lower the surrounding
diffusion coefficient

z =10 pc
E=10TeV
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The diffusion coefficient returns to its default value much
slower than previously thought!



Mukhopadhyay & TL (2021; TBS)

Models to Explain
Inhibited Diffusion:

z =10 pc
/" —t =10 kyr
t = 30 kyr
- t = 100 kyr
— t = 300 kyr
t=1Myr

The Pulsar/SNR could
lower the surrounding
diffusion coefficient
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There are specific spectral features of this inhibited diffusion
- testable predictions in the GeV and 10s of TeV range.



Mukhopadhyay & TL (2021; TBS)

Models to Explain
Inhibited Diffusion:
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z=10 pc
E=10TeV

- No SNR

SNR,, = 10°" erg
m— SNR, = 2%x10°° erg
—— SNR, = 4x10°% erg
— SNR, = 10°! erg

The Pulsar/SNR could
lower the surrounding
diffusion coefficient
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For full 3D models, need more energy to inhibit diffusion on
10 pc scales — SNR contributions may be important.



BROADER IMPLICATIONS

Jéhannesson et al. (2019.1903.05509)

» The cause of decreased
diffusion within TeV
halos could have
significant implications
for cosmic-ray physics.

» Potentially testable with
high-energy
observations from
HAWC and LHAASO.



Pulsars contribute gamma-ray emission in three regimes:

Pulsar Magnetosphere: Pulsed

Pulsar Wind Nebula: Dominated by shock physics, includes significant
radio/X-Ray signal.

TeV Halo: Gamma-Ray Dominant and Diffusive

TeV Halos appear to be generic features around pulsars with
ages ~20-500 kyr.

Pulsars likely dominate the diffuse and point source emission
in the Milky Way. They also likely produce the positron excess.

It is important to understand the underlying physical
mechanism that causes diffusion near halos to be suppressed.



