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THE GEV SKY
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THE TEV SKY

Markarian 501 Markarian 421

Geminga

Milky Way

» Diffuse Emission decreases in intensity, while sources
remain bright

* n.b., Comparing a flux map vs. a TS map



TEV HALOS
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The Hadronic Fairy Tale



A UNIVERSE DOMINATED BY PROTONS

Sources

protons
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0
log [p/(mc))

Spectra calculated with semi-analytic model of
annoni 2005




A UNIVERSE DOMINATED BY PROTONS
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A UNIVERSE DOMINATED BY PROTONS
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COSMIC-RAY ACCELERATION AND PROPAGATION

-Start with a source of relatlwstlc cosmlc-rays
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Solved Numerically:
e.g. Galprop

* If they propagate to Earth, can be detected:
e AMS-02/PAMELA

* CREAM/HEAT/CAPRICE



COSMIC-RAY ACCELERATION AND PROPAGATION
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Solved Numerically:
e.g. Galprop

Gas/ISRF e Alternatively can collide

with Galactic gas or the

interstellar radiation
field.



COSMIC-RAY ACCELERATION AND PROPAGATION
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Cracks in the story...



CRACKS IN THE STORY
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* Milagro observations found an excess in TeV gamma-ray
emission along the Galactic plane.




CRACKS IN THE STORY HESS Collaboration 2018
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CRACKS IN THE STORY
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A NEW PICTURE

e In this talk, | will argue that electrons and positrons
dominate the Milky Way’s energetics at TeV energies:

e 1.) Pulsars dominate the diffuse TeV gamma-ray emission.

e 2.) Pulsars produce the majority of the bright TeV sources.

e 3.) Pulsars are responsible for the rising positron fraction.



What do we know about pulsars?



PULSARS AS ASTROPHYSICAL ACCELERATORS

* Rotational Kinetic Energy of the neutron star is the
ultimate power source of all emission in this problem.




PRODUCTION OF ELECTRON AND POSITRON PAIRS

R, =~ 30R, (this work)

Poynting-flux-dominated wind

-
I ~ 10~
I ~10

R ~10m |
- =

2 : ré
Magnetosphere/ g2

Non-thermal nebula

'j/

Wind acceleration zone

Kinelic-energy-dominaled wind

Electrons boiled off of the pulsar surface produce et*e- pairs.

Final e+e- Spectrum is model dependent.




REACCELERATION IN THE PULSAR WIND NEBULA
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-. * PWN termination shock:
* Voltage Drop > 30 PV

* ete  energy > 1 PeV
(known from synchrotron)

- * Resets ete- spectrum.

5 I . Many Possible Models:

e 1st Order Fermi-Acceleration

_ ;‘% " A Blandford & Ostrlker(1 978)
; ""‘«” "é‘ Hoshino et al. (1992)
S e I Coroniti (1990)
=% ' Ssironi & Spitkovsky (2011) * Shock-Driven Reconnection
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* Magnetic Reconnection



1611.03496
LOW-ENERGY OBSERVATIONS OF PULSAR WIND NEBULAE astro-ph/0202232
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» Extent of radio and X-Ray PWN
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* Termination shock produced
when ISM energy density stops
the relativistic pulsar wind.
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High energy electrons should also make gamma-rays.

Incident Photon

Electron

Scattered Photon




New Observations!






HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

Moon (To Scale)

Angular Resolution

Geminga

* Geminga
°* 4.9x10-14TeV-1cm-2s1 (7 TeV)
e 1.4 x1031TeV s1(7 TeV)

e 25 pc extension
e 300 kyr

PSR B0656+14
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HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

Moon (To Scale)

Angular Resolution

Geminga

* Monogem

e 1.1 x1031TeV s1(7 TeV)
e 25 pc extension
e 110 kyr

PSR B0656+14

Craave Comwmms AN

e 2.3 x1014TeV-1cm-2s1 (7 TeV)



HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

@ Moon (To Scale)

Angular Resolution

Geminga

/ * Emission is:
, * Very hard spectrum

&
* Does not trace gas
* Almost certainly leptonic.
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HESS OBSERVATIONS OF PULSAR WIND NEBULAE 1702.08280

PWN > 5.1 kpc
PWN < 5.1 kpc
Fit + std dev (0.32 dex) -
Min. extension (0.03 deg) at 5.1 kpc -
Max. extension (0.6 deg) at 5.1 kpc

N157B

+ ! MSH 15-52

3C58_ I
/ Kes 7SI _I, BN Crab Nebula
1 A ho

-4
R

B

* i |
. N —

[
=

<
Fé;
—
-
2
7))
-
Q
b
X
Q
>
V
|_

—

-

e aaal " L g aaaaal N P | ) FI""....“-:‘.A;"
103° 1037 1038 103°

Spin-down Power E [erg s ']




TEV HALOS

PWN > 5.1 kpc
PWN < 5.1 kpc

' Fit + std dev (0.32 dex)

- Min. extension (0.03 deg) at 5.1 kpc
Max. extension (0.6 deqg) at 5.1 kpc

They are much larger than
the PWN.

N1STE

Especially at low-
energies.
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TEV HALOS

SNR

(hadronic/leptonic)




THE ELECTRONS PROPAGATE DIFFUSIVELY
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* Morphology of Geminga and Monogem are fit by
diffusion.

» Diffusion coefficient near the pulsar is quite small.




SIMILAR RESULTS AT GEV ENERGIES Di Mauro, Manconi, Donato (2019; 1908.03216)

== Dy=6G.8e+25cm?/s \ == Dy=2.32+26cm?ls
—+= Gaussian - - = (Gaussian
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* And similar morphologies are seen in HESS sources.




TEV HALOS

* TeV halos are a new feature

* 3 orders of magnitude larger than PWN in volume

* Opposite energy dependence

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

A= 26

Censity (in ¢/cm?)

19~2U

* TeV halos need a similar 10-32
morphological description. Rodius (n porsec)




SOME COMPLEXITY IN TERMINOLOGY

* An alternative definition of a “TeV halo” has been used by
Giacintietal. 2019 (1907.12121)

* 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).

* 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.



SOME COMPLEXITY IN TERMINOLOGY

Stage 1 (t < 10 kyr)
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velocity
-

ISM density
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We'll go back to the model later...

What do TeV observations tell us about pulsars?



TEV HALOS - AN EMPIRICAL MODEL

e Assume that every pulsar converts an equivalent fraction of
its spin down power into gamma-rays, with the same
spectrum as Geminga.

e This statement is well supported:
e Observed because they are the two closest sources.

e Many similar HESS Sources



TEV HALOS - AN EMPIRICAL MODEL

TNF Name Spindown Lum. (erg s~ *) |Spindown Flux (erg s~ 4 2HWC
10633+1746 | 17.77 1.1e34 2HWC J0631+169
'

<

JIO3+I0IT| 1018 | 461 | 169 | 2936 | 1ledd __ [2HWCJI9I2+0%9
J1831-0952 1.1e36 6.4¢33 2HWC J1831-098
203244127 | 41.45 1.7¢35 4.7¢33 2HWC J2031+415

B1822-09 8 0.30 232 4.6e33 4.1e33
B1830-08 | -8.45 4.50 147 5.8e35 2.3e33

T1913+0904 147 [.6e35 [ 4e33

B0540+23

II

C. (
: 25 .
B0656+14 ).29 3.8¢34 3.6¢34 2HWC J0700+143
R1051+32 | 3287 3363
T1740+1000 | 10.00 23635
-9.5 .
00







Implication I:

Most TeV emission is produced by TeV halos



IMPLICATION I: THE TEV EXCESS
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IMPLICATION I: THE TEV EXCESS

* TeV halos naturally explain the TeV excess!

—— Total Gamma-ray Flux
— TeV Halo Flux
—— Hadronic Diffuse

65° < <85°

Fermi-LAT
. ARGO-YBJ
Q© Milagro

10 100 10 v
Energy (GeV



Implication Il:

Most TeV gamma-ray sources are TeV halos.



TEV HALO NUMEROLOGY

e HAWC has observed 39 sources.

e 5 are coincident with old (>100 kyr) pulsars

* 12 others coincident with young (<100 kyr) pulsars

* TeV emission may be contaminated by SNR



WHY DO WE CARE?
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RADIO BEAM ANGLE Tauris & Manchester (1998)

* Radio pulsars are beamed!

 Beaming fraction is small

ROTATION
AXIS

‘ . RADIATION
» BEAM

2
T :
1.1 <log10 (m)) + 15 (/'\/O

e This varies between 15-30%.

RADIATION
BEAM

* Most pulsars are unseen in radio!



TEV HALO NUMEROLOGY TL et. al (2017; 1703.09704)

2ITWC ATNF  |Distance Angular | Projected Expected Expected | Actual | Age Chance
Name Name (kpc)  Separation | Separation Flux ( % 107"} |Flux (x 10~ '")| Ratio | Extension | Extension (kyr) Overlap
JO700+143| B0O656+14 | 0.29 0.18° 0.91 pc 43.0 111 0.0
025 08 | 388pc 487 302
161 034 | 2736pc
T2031+415(72032+4127( 1.70 0.11° 3.26 pc 0.091 0.7° 181 0.002
J1831-098 | J1831-0952| 3.68 0.04° 2.57 pc 0.080| 0.14° 0.9° 128 0.006

2HWC ATNF Distance| Angular | Projected Expected Actual Flux | Expected | Actual Age Chance
. Name Name (kpc) | Separation | Separation Flux (x 107" [ Flux (x 10~ ') | Ratio | Extension | Extension (kyr) Overlap
J1930+188 |T1930+1852( 7.0 3.67 pc 23.2 0.8 237 | 0.07° 0.0° 2.890 0.002

J1814-173 | J1813-1749 4.7 152 1.0° 5.6 0.6l
DT Ttz oa
T1928+177 00" 826 0002
T1908+063 16.21 pe 20,0 08° 195 026

J2020+403 [J2021+4026| 2.15 0.18° 6.75 pc 2.48 18.5 0.134| 0.237 0.0° 77 0.0l
571007 kg 100
J1825-134 [ J1826-1334 | 3.6l 0.20° 249 0.082| 0.14°

J1837.065 | 11835065 038

J1837-065 | J1837-0604 | 4.78 41.71 pc 341 0.024| 0.10°

J2006+341|12004+3429| 10.8 80.07 pc 24.5 0.019

* Correcting for the beaming fraction implies that 561, TeV

halos are currently observed by HAWC.

* However, only 39 total HAWC sources.



HESS OBSERVATIONS HESS Collaboration 2018
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1 ABSTARAACT
o
H, We presant the resalte of the most comprenensive survey of the Galootio plane in very high energy (VHE) ¥ rays, inchuding o public relepce 36
o1 of Galactie sky mars. a catalog of YHE sources, and the disconery ol 16 new scarces of VHE v-rays. The High Encrpy Specinscopic System
T (HES.S) Gelacue sluw survey (HOPS) win  decade-lung ubsesvation program carmied out by te HES.S. [aruy of Cherenkov telese upes In .d ed
T Nadbia from 2004 13 2013, The obeaevarions amount o nearly 2700 of quality-se! ccud dara, covering the Galeesle plane at Jong wdes from NOt fi l'm 'y . entifi

s F=2%5%F 12 65" nd stirides & £ 5% Inadd:bon 1o the unprece fented \_f':vlln' coverage, the HEPS slso features o r,'l.‘h\rl:,' ngh amgular resn/fion
> (08" = & gremdn mean point spracd function 68 % comalnmen: radive), sensitl vy (< 1.5% Crab flux for poim-like souress), and anerov range (0.2
~) o 100 TeV ). We constructed a cetalog of YHE y-ray sourees from e EUEFS data sct with @ systematic procecure for beth scarce deteetion and
I'J - v l':llll m Ilf i Il ‘l " 1!" sEx . \\I‘ Ill sl Il'\l Ll‘ l‘! !ll I|Nl‘ llllll(l n I“H . I N l!l IIIJ' | . III |ll|lll |lll|ll f( AN & cawm llll' nl
,__r_‘ w0 acourt for unwes 'I‘ad l.uu‘.-ull- em:ssion alcag the Galactic plane, In oeal, the resalting HGPS caalog comuins 78 VHE sources, of which
wy 14 arc no: rcamalyzad bere, for example, due u~ therr eamplex morphokozy, nomely shelHise sources ond the CGalactic conier region. W ihxre

o, Powstale, wee provede a fioon et e lu.-u-v{ Lw VHE souree cr plaus: lvl- asocieions wik souress in uther wtovociual calaboz. We aso studisd
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WHY IS HAWC IMPORTANT
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TL et. al (2017; 1703.09704)
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FIRST DETECTIONS!

| Previous

| Next | _5]
HAWC detection of TeV emission near PSR B0540+23

. 194 1; Colas Riviere (University of Marviand), Henrike Flewschhack (Mickigan
Techneological University), Andrves Sandoval (Universidad Nacional Autanoma de Mexico) on
behalf of the HAWC collabaration
on @ Nov2007:23:41 UT
Credevital Centificetton. Colas Riviere (rivicie@umed edu)

Subjects: Gamma Rav, TeV. VIIE, Pulsar

The High Alutude Water Cher enkov. HI AWO) collaborauon reports the discovery ol u new TeV
gamma ray source HAWC 05434255 It was discovered in a search for exte sources of radius
(057 in a dataset of 911 davs gum-;tn;: from November 2014 o August 2017) with a test statistic
value of 36 (6 aials), following the method presented m Abeysekura et al, 2007, Apl, 543, 40,
The measured ] 1.0 equatarial position is RA=8578° Dec=23 40° with a statistical uncertainty
of 027 HAWC J)543+255 was close to passing the selecnon criteria of the 2HWC catalog
(CAbeysekarn et al, 2017, Apl, 343, 40, see HAWC J05434233 i ZHWC map), which it now [ulflls
with the additional data

HAWC 10343-233 15 positonally comeident with the pulsar PSR BUS40+23 (Edot = 4. 1e+34 erp s-
I, dist = |50 kpe, uge = 252 kyr). It is the third Jow Edot, middle-aged pulsar announced o be
detected with & TeV halo ,'xl.mn with Cl‘l’]lll!“.“ and BO6S6+14. It was pre dicted to be one of the nex
such detection by HAWC by Linden et al., 2017, arXav: 1703.09704,

Using a simple source model consisting of a disk of radius 057, the measured spectral index is -2.3
+ 0.2 and the differential Fox at 7 TeV 15 (79 = 23 < 104815 TeV-1 ecm-2 s-7. The errors are
statistical only. Further morphelogical and spectral analysis as well as studies or the systematic
uncerluinly are ongoing.

| Previous | Next|l ADS|

HAWC detection of TeV source HAWC J0635+070

Alel 212003 Chaod Brishois (Mwchigan Techrolagical University), Colas Riviere ({niversity of
Muarviand), Henrike Fleischhack iMichigan Techi 2iC ‘wiversity), Andrew Snulh
(U miversity of Maryland) on behalf '-'rln fIAN H collabavation
v 6 Sep 2008; 14:47 UT

(Credeniat Cernficacion: Colos Bivieve (rivieve @@ ume edu)

Subjects: Gamma Rey. TeV, VHE. Pu

The Hizh Allitude Water Cherenkoy [HAWC) collaboration repo:ts the discovery of @ new TeV

samma-riy source HAWC WH33+0000 [t was ciscovernd 1n a search tor extended sours

1128 davs of HAWC observations witll a test statistic value of 27 (350 pre-tials]

metnonl prasented in [Abeysekara ot gl 200 Apd BAA A0 Trs sigmibeamee inoon

excluded it from Being included i the catalog (-3 5a pre-trials), Lot with the additon of ~600 o
davs of dam oo wnsbes  that erterien. The hest-mt BXIGS equatonal posiman s
RA=98.7120 207, Dec=7 00£0.227 witl a Gaussian 1-sizma exient of 06572018

+ spectral energy disuibution is well-fit by & power law with specual index -2.15+0.17. The
dhfforential Hox sr 1 'TeY s (86 ¢ 3000 = 10215 'TeVv-1 cm=2 s-1. All crrors are stahistieal only;
further mozpholozical and specual analvsis o well as swudies of te systematic ancertainty e
QNN

Ciiven s snectrum and marphoogy, we hebeve HAWC TDB35+0770 may be the "leV n:lo of the
pulsar PSR JO6332+0632 (Edol = [ 22433 erg s-1, dist = 1 35 Kpe, age = 59 Kyvr. unknown proper
moton [Manchester et al, KIS, AL 129)) The gammi-rav speeimim :md morpholosy s
conpatble with a "Geminga-like" TeV 1 \beysekase et al. 2017, Science, 358, 911, Linden et
al A PRD YA TIBOTE | We encoars e ap phservanons at pther w 1.n.hvn_-v',lh.~

e HAWC has detected two additional TeV halos

e Total Count:

* Middle-Aged: 6
* Younger: 13
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Implication lll: The positron excess is
due to pulsar activity



Positron fraction
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AMS-01
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PULSARS PRODUCE THE POSITRON EXCESS

* What were the uncertainties in pulsar models?

* |: The ete- production efficiency?
Profumo (0812.4457); Malyshev et al. (0903.1310)

%. 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%.

* lI: The ete spectrum.

* lll: The propagation of ete- to Earth.



PULSARS PRODUCE THE POSITRON EXCESS

* What were the uncertainties in pulsar models?

* |: The ete- production efficiency?

* lI: The ete" spectrum.
Hooper et al. (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

 lIl: The propagation of ete- to Earth.



TEV HALOS ANSWER THE KEY QUESTIONS!

Name Tested radius Index I'7 % 1013

TeV—lem=2s—1)

-2.67 £ 0.16 8.7 2 1.Bb GCeminga
-2,23 = 0.08 18.7 £ 6.9 Geminga
-2.5

2HWC J0€31-4169

2HWC J06E354180N BA += 0.16 65 4+ 1.5 (Geminga

Geminga
a—1.9

.

o Best Fit:

-1.9<a<-1.5
Ecut = 50 TeV

/‘ dadN., /'(.', H‘, {1 44

~3-9x1033 ergs!

9-27% of the total pulsar spin-down power!



PULSARS PRODUCE THE POSITRON EXCESS

* What were the uncertainties in pulsar models?

* |: The ete- production efficiency?

* |I: The ete- spectrum.

* lll: The propagation of e*e- to Earth. Malyshev et al. (0903.1310)

The observed spectrum on Earth of electrons and
positrons injected by pulsars is also strongly dependent
on propagation effects. In particular, the observed cutoff
in the flux of electrons from a pulsar can be much smaller

than the injection cutofl due to energy losses (“cooling”)
during propagation. We define the cooling break, £+, (%),

as the maximal energy electrons can have after propa-

gating for time £. Since as stated above the typical



Cosmic-ray propagation is the last key.



THE ELECTRONS PROPAGATE DIFFUSIVELY
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* Morphology of each pulsar fit by diffusion.

» Diffusion coefficient near the pulsar is quite small.




100 GeV




SIMILAR RESULTS AT GEV ENERGIES

12 _10‘—1;
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* Observations from the Fermi-LAT telescope have found a
similar extension at GeV energies.



EVIDENCE FROM HADRONIC PHYSICS

* Cosmic-Ray primary to
secondary ratios tell us about:

PAME LA (2014)
v TRACER {2000}
o  CHEAN- (2004

* The average grammage
encountered by cosmic- o crew
rays before they escape the s oo

Wazhar af al. (1961)

Q
e
o
Qc
c
»]
i~
0y
Q
Q
-
o
o
Q
Q

HEAQIC211882)

galaxy (e.g. B/C) o o

QO Jwye o Meyer (1973-1875)
o Othetal (1272)

10°
Kinstic Energ

* The average time cosmic-
rays propagate before they
escape (eg. 1°Be/?Be).

Prob. density




THE POSITRON FRACTION FROM TEV HALOS

Sum

—— Geminga

BO656-+14
Other Pulsars

* Reasonable models can be exactly fit to the excess.



SOME CONTROVERSY HAWC Collaboration (Science; 1711.06223)
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* HAWC Results show a small contribution from Geminga.




Extrapolate Low-Diffusion Constant Extrapolate the High Diffusion
UP to Earth: Constant DOWN to Earth:

Sum

—— Geminga
B0656-+14
Other Pulsars
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" Hemmm §=0.33 (base) = = r=4x10%r
6=0.31 = = Fit param. syst
5=0.35 3o range (base)

— =36 X 10%yr ® AMS-02e

Energy [TeV]

100 GeV positrons do not make it to

100 GeV positrons do make it to Earth
Earth




CAN THE LOCAL DIFFUSION CONSTANT BE LOW?
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* Recently the HESS telescope detected 20 TeV electrons near Earth.




CAN THE LOCAL DIFFUSION CONSTANT BE LOW?

D = (3.86 X 1040 cm2/s) 33
d = 200 pc
— a=1.0
---a=1.9
a=2.0

¢¢+*
|

©

e |f diffusion near Earth is low, then there is no source for these particles.




GEMINGA EFFICIENCY Manconi, Di Mauro, Donato (2020; 2001.09985)
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* Studies by Di Mauro et al. use the Fermi data and find a much lower cosmic-
ray injection efficiency, which is incompatible with HAWC studies.

* In these models, the efficiency of Geminga is only 1-2%, allowing Geminga
to produce 10-20% of the positron excess.




GEMINGA EFFICIENCY Manconi, Di Mauro, Donato (2020; 2001.09985)
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Even using an average efficiency in the 1-2% range, the total
contribution from all young pulsars can explain the excess.




ASSUMPTIONS
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Understanding Pulsars
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‘Understanding Pulsars
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Detecti ng New Pu Isa rs Sudoh, TL, Beacom (1902.08203)
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WHAT ABOUT MILLISECOND PULSARS? Hooper & TL (2018; 1803.08046)

10°1 10%
E/d* (ergs/kpc?/s)

* Early evidence that millisecond pulsars also produce TeV
halos.

e New opportunities to understand binary evolution.



AN ANALYTIC MODEL FOR TEV HALOS Evoli, TL, Morlino (2018: 1807.09263)

e First models that
explain low £ — 10 TeV
diffusion constant.

* New opportunities
to understand

Kraichnan

galactic magnetic oD o =32

fields. .
100 150 200 250 300
t [kyr]




AN ANALYTIC MODEL FOR TEV HALOS

E = 100 GeV E =10 TeV

10 60

r [pe]

Predicts energy-dependent features in cosmic-
ray diffusion!



X-RAY SYNERGY 1506.03069

* Should observe coincident synchrotron Halo

* Possible Detection! (G327-1.1)

Reginn Area Crs Ny Phnton Amplitude kT T Norm. Fq Faq Red
(arcsec?) (1000) (1074 cm™%) [ndex (10—%) (keV) (10"* secm ™) (10~3) (10=22) x*
Compact Source 84.657 b l..(.l.‘lig 82 1.61 _(],';; ](';_::{(]' oo e Co 0.45 i 0.80
Cometary PWN  971.22 1.93 Lg2TSEE  RaTEECS oo 1.09
Trail East 537.42 2.1 1.93 184 5 U.44rote 0.27
Trail West 766.56 3.1 1.93 1,802 33  0.61F3:%9 e 0.39
Trail 1 424.45 1.9¢ 1.93 1.767 0397, - ce 0026
Trail 2 588.19 3 1.93 1.95 0.49 5% 0.28
Trail 3 994.92 2.9 1.93 2.097 0.78%5%a ce 0,42
Trail 4 839.48  2.3% 1.93 2.8 s  0rdYo o0 e 0.37
Prong East 828.58 1.65 1.93 ' 0.30% 908 . 0.97
Prong West 971.22  2.06 1.93 0.4419-48
Diffuse PWN* 20007 27. 1.93 6.91
Relic PWN” 26787 17.: 1.93
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e New opportunities for studying TeV halo morphologies!



* TeV observations open up a new window into
understanding Milky Way pulsars.

» Early indications:

* TeV halos produce most of the TeV sources
observed by ACTs and HAWC

e TeV halos dominate the diffuse TeV emission in
our galaxy.

* Positron Excess is due to pulsar activity



CONCLUSIONS (2/2)

* Additional implications:

* Young pulsar braking index

e MSPs?

* Galactic cosmic-ray diffusion

e Source of IceCube neutrinos

e TeV Dark Matter Constraints



