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The Hadronic Fairy Tale



A UNIVERSE DOMINATED BY PROTONS
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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 relativistic cosmic -rays
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Solved Numerically:
e.g. Galprop

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

e CREAM/HEAT/CAPRICE



COSMIC-RAY ACCELERATION AND PROPAGATION
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CENMINING e Alternatively can collide

with Galactic gas or the

interstellar radiation
field.
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COSMIC-RAY ACCELERATION AND PROPAGATION

..~ Start with a source of relativistic cosmic-rays
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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 TeVCAT2

HOme Select Catalogs v Map Projections ¥ Map Tools ~

RESET - + VIEW LEGEND e N

PWN || % UNID AND
‘ VERITAS AND
Reset Table Columns ¥ Sync To Map Filter Selected
HERRR
J Name RA Dec Type Tags Distance Catalog
l / / SNR G054.1+00.3 19 30 32 +18 5212  Gal,SNR,P... 4.9 kpc Default Catalog
‘ Crab 0534 31.1 4220052 Gal,SNR,P... 2.0 kpc Default Catalog
MGRO J2019+37 20 18 35.03 +36 50 00.0 Gal,SNR,P... z=0.0 Default Catalog
CTA 1 00 06 26 +72 59 01.0 Gal,SNR,P... 1.4 kpc Default Catalog
2HWC J1953+294 1953 02.4 +292848  Gal,UNID,P... 1.0 kpc Default Catalog
/Source Name: 2HWC J1953+294 \ MGRO J1908+06 19 07 54 +06 16 07  UNID z=0.0 Default Catalog
Source Type: Gal | UNID | PWN VER J2019+368 20 19 25 +36 48 14  UNID z=0.0 Default Catalog
Distance: 1.0 kpc VER J1746-289 1746 19.71 -28 57 58.4 UNID 2=0.0 Newly Announced
GLON: 65.8535 VER J2019+407 20 20 04.8 +404526 UNID z=0.0 Default Catalog
GLAT: 1.0685

K / VER J2016+371 20 16 00 37 12 00 UNID Newly Announced




CRACKS IN THE STORY

0.3

— 0.1
@

| +

O T & PAMELA 2008

=~ B HEAT Combined
AMS-01 1998
AMS-01 1998
CAPRICE 1994
Golden 1993

0.01 3
0.1 | 10 100 10

E [GeV]



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 e
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Termination shock
Non-thermal nebula

Wind acceleration zone
Kinetic-energy-dominated wind

|

Electrons boiled off of the pulsar surface produce ete- pairs.

Final e+e- Spectrum is model dependent.



* Voltage Drop > 30 PV

* ete- energy > 1 PeV
(known from synchrotron)

* Resets ete- spectrum.

£, o Many Possible Models:

~+  * 1st Order Fermi-Acceleration

?\ﬁ ‘55,‘ Blandford & Ostriker (1978) . ] .
S Hoshino etal. (1992) Magnetic Reconnection

S Coroniti (1990) . .
“ 1. sironi &Spitkovsky (2011) ~ ® Shock-Driven Reconnection
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1611.03496

LOW-ENERGY OBSERVATIONS OF PULSAR WIND NEBULAE astro-ph/0202232

* Extent of radio and X-Ray PWN
is approximately 1 pc.

47:00.0

* Termination shock produced
when ISM energy density stops
the relativistic pulsar wind.

Declination
44:00.0 17:45:00.0 46:00.0

6:34:00.0

E 1/2
RPWN ~ 1.5 ( ) X

103° erg/s

( Ngas >—1/2(
lcm—3

e NOTE: The radial extent of PWN
is explained by a known

1 arcmin '

50.0 45.0 33:40.0
Right ascension

Backward
term. Shock

Forward 1
term. Shock
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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

e 1.4 x 1031 TeV s-1(7 TeV)
e 25 pc extension
e 300 kyr

PSR B0656+14

Craave Comwmms AN

e 4.9x10-14TeV-1cm2s1 (7 TeV)



HAWC OBSERVATIONS OF GEMINGA AND MONOGEM

Moon (To Scale)

Angular Resolution

Geminga

* Monogem

e 1.1 x1031 TeV s-1(7 TeV)
e 25 pc extension
e 110 kyr!

PSR B0656+14

Craave Comwmms AN

e 2.3x10-14TeV-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.

PSR B0656+14

Lo Comwmm
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HESS OBSERVATIONS OF PULSAR WIND NEBULAE
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¢ PWN > 5.1 kpc
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PWN < 5.1 kpc
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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

They are mUCh Iarger than Max. extension (0.6 deg) at 5.1 kpc
the PWN.

)1825-137

¢

a 2I éMSH 15-52

3C 58 I
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TEV HALOS

e TeV halos are a new feature

* 3 orders of magnitude larger than PWN in volume

* Opposite energy dependence

—22

10

PWN Shack %_

* PWN are morphologically 10724
connected to the physics
of the termination shock

10—?6

10 48

Censity (in ¢/cm?)

107>V

* TeV halos need a similar 02l -
morphological description. ~ Rodis (n porsce)




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






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-YB]
Milagro

10 100 10 a
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)

e Radio pulsars are beamed!

* Beaming fraction is small

ROTATION
AXIS
| s - ‘ RADIATION
P BEAM

v

-

e This varies between 15-30%.

y

RADIATION
BEAM

* Most pulsars are unseen in radio!



TEV HALO NUMEROLOGY

2HWC ATNF |Distance Angular PrOJected Expected Actual Flux Expected Actual Age
~018° | S50 L T 00
TOG3T 169 0633+ 1746 025 | 08" | 38¥pe | 487 | a7 | 101 20" | 30" 3] 00

T1831-098 |11831-0952| 368 | 004° | 257pc | 7.0 | 958  [0.080] 0.14° | 09° | 128 0.006_

2HWC ATNF |Distance Angular PrOJected Expected Actual Flux Expected Actual Age

003° “ 007 |
T1928+177|11928+1746| 434 | 003° | 227pc | 808 | 100 | 08L| 011 | 00° |826] 0002
12020+403 | 12021+4026 2.5 | 0.18° | 675pc | 248 | 185 |03 023° | 00° | 77 | 001
T1857+027|11856+0245] 632 | 0.2° | 1324pc | 10| 970 [011| 008° | 09° [206] 0.06 |

71825134 [11826-1334] 361 | 020° | 1266pc | 205 | 249 [0082] 014° | 09° |214] 014
71837065 | 11838-0655 | 660 | 038° | 4377pc | 120 | 341 (0035 008° | 20° |227] 048
T2006+341[12004+3429] 108 | 0.42° | 80.07pe | 048 | 245 [0019] 004° | 09° |185] 008

* Correcting for the beaming fraction implies that 561, TeV

halos are currently observed by HAWC.

* However, only 39 total HAWC sources.



HESS OBSERVATIONS
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The H.E.S.S. Galactic plane survey

H.E.S.S. Collaboration, H. Abdalla', A. Abramowski?, F. Aharonian® * 5, F. Ait Benkhali®, E.O. Angiiner?!, M. Arakawa‘”, M. Arrieta's, P. Aubert?*, M. Backcsx,
A. Buller", M. Bumurdl, Y. Becherini'?, J. Becker Tjus“, D. Bergelz, S. Bernhard"?, K. Bernléhr, R. Blackwell'*, M. Bottcher!, C. Boisson!>, J. Bolmont!©,
S. Bonnel'oy”‘ P. Bordas?, J. Bregeon”, E Brun“26, P. Brun!®, M. Bryang, M. B'tichele36, T. Bulik!®, M. Cupasso‘w, S. Currigan3-45, S. Caroff3?, A. Carosi?4,
S. Casanova?!3, M. Cerruti'6, N. Chakraborty?, R.C.G. Chaves*!722, A. Chen?3, J. Chevalier®*, S. Colafrancesco??, B. Condon?%, J. Conrad?”-28, 1.D. Davids®,
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1 ABSTRACT
o
jj We present the results of the most comprehensive survey of the Galactic plane in very high-energy (VHE) y-rays, including a public release 3 6
:'f::) of Galactic sky maps, a catalog of VHE sources, and the discovery of 16 new sources of VHE y-rays. The High Energy Spectroscopic System
Y (H.E.S.S.) Galactic plane survey (HGPS) was a decade-long observation program carried out by the H.E.S.S. I array of Cherenkov telescopes in H H LY +
“—Namibia from 2004 to 2013. The observations amount to nearly 2700 h of quality-selected data, covering the Galactic plane at longitudes from NOt f' rm ly 'dentlf'ed

¢ =250° to 65° and latitudes |b| < 3°. In addition to the unprecedented spatial coverage, the HGPS also features a relatively high angular resolution
> (0.08°~ 5 arcmin mean point spread function 68% containment radius), sensitivity (< 1.5% Crab flux for point-like sources), and energy range (0.2

to 100 TeV). We constructed a catalog of VHE y-ray sources from the HGPS data set with a systematic procedure for both source detection and
characterization of morphology and spectrum. We present this likelihood-based method in detail, including the introduction of a model component
to account for unresolved, large-scale emission along the Galactic plane. In total, the resulting HGPS catalog contains 78 VHE sources, of which
14 are not reanalyzed here, for example, due to their complex morphology, namely shell-like sources and the Galactic center region. Where
— possible, we provide a firm identification of the VHE source or plausible associations with sources in other astronomical catalogs. We also studied

1

2432



WHY IS HAWC IMPORTANT HESS Collaboration 2017 (1702.08280)

103 _ Firm identifications

: Candidate PWNe

PWNe outside HGPS
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TL et. al (2017, 1703.09704)

@® H.ES.S. ATNF Pulsars (Full Sky)
HE ® H.E.S.S. Candidate = ATNF Pulsars (Middle-Aged,
1038 - S.s ® HAWC Candidate HAWC field)
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FIRST DETECTIONS!

[ Previous | Next | ADS|]

HAWC detection of TeV emission near PSR B0540+23

ATel #10941; Colas Riviere (University of Maryland), Henrike Fleischhack (Michigan
Technological University), Andres Sandoval (Universidad Nacional Autonoma de Mexico) on
behalf of the HAWC collaboration
on9 Nov2017;23:11 UT
Credential Certification: Colas Riviere (riviere@umd .edu)

Subjects: Gamma Ray, TeV, VHE, Pulsar

1 Recommend 5

The High Altitude Water Cherenkov (HAWC) collaboration reports the discovery of a new TeV
gamma-ray source HAWC J0543+233. It was discovered in a search for extended sources of radius
0.5° in a dataset of 911 days (ranging from November 2014 to August 2017) with a test statistic
value of 36 (60 pre-trials), following the method presented in Abeysekara et al. 2017, ApJ, 843, 40.
The measured J2000.0 equatorial position is RA=85.78°, Dec=23.40° with a statistical uncertainty
of 0.2°. HAWC J0543+233 was close to passing the selection criteria of the 2HWC catalog
(Abeysekara et al. 2017, AplJ, 843, 40, see HAWC J0543+233 in 2HWC map), which it now fulfills
with the additional data.

HAWC J0543+233 is positionally coincident with the pulsar PSR B0540+23 (Edot = 4.1e+34 erg s-
I, dist = 1.56 kpc, age = 253 kyr). It is the third low Edot, middle-aged pulsar announced to be
detected with a TeV halo, along with Geminga and BO656+14. It was predicted to be one of the next
such detection by HAWC by Linden et al., 2017, arXiv:1703.09704.

Using a simple source model consisting of a disk of radius 0.5°, the measured spectral index is -2.3
+ 0.2 and the differential flux at 7 TeV is (7.9 = 2.3) x 10A-15 TeV-1 ¢cm-2 s-1. The errors are
statistical only. Further morphological and spectral analysis as well as studies of the systematic
uncertainty are ongoing.

[ Previous | Next || ADS| |

HAWC detection of TeV source HAWC J0635+070

ATel #12013; Chad Brisbois (Michigan Technological University), Colas Riviere (University of
Maryland), Henrike Fleischhack (Michigan Technological University), Andrew Smith
(University of Maryland) on behalf of the HAWC collaboration
on 6 Sep 2018; 14:47 UT
Credential Certification: Colas Riviere (riviere@umd .edu)

Subjects: Gamma Ray, TeV, VHE, Pulsar

The High Altitude Water Cherenkov (HAWC) collaboration reports the discovery of a new TeV
gamma-ray source HAWC J0635+070. It was discovered in a search for extended sources covering
1128 days of HAWC observations with a test statistic value of 27 (>50 pre-trials), following the
method presented in [Abeysekara et al. 2017, Apl, 843, 40]. Its significance in the 2HWC data set
excluded it from being included in the catalog (~3.50 pre-trials), but with the addition of ~600 more
days of data it now satisfies that criterion. The best-fit J2000.0 equatorial position is
RA=98.71+0.20°, Dec=7.00+0.22°, with a Gaussian 1-sigma extent of 0.65°+0.18°.

The spectral energy distribution is well-fit by a power law with spectral index -2.15+0.17. The
differential flux at 10 TeV is (8.6 £ 3.2) x 10A-15 TeV-1 cm-2 s-1. All errors are statistical only;
further morphological and spectral analysis as well as studies of the systematic uncertainty are
ongoing.

Given its spectrum and morphology, we believe HAWC J0635+070 may be the TeV halo of the
pulsar PSR J0633+0632 (Edot = 1.2e+35 erg s-1, dist = 1.35 kpc, age = 59 kyr, unknown proper
motion [Manchester et al., 2005, AJ, 129]). The gamma-ray spectrum and morphology is
compatible with a "Geminga-like" TeV Halo [Abeysekara et al. 2017, Science, 358, 911; Linden et
al., 2017, PRD, 96, 103016]. We encourage follow-up observations at other wavelengths.

e HAWC has detected two additional TeV halos

e Total Count:

* Middle-Aged: 6
* Younger: 13



TL et. al (2017, 1703.09704)
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Implication lll: The positron excess is
due to pulsar activity



Positron fraction
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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%.

e |I: The ete spectrum.

e lIl: The propagation of ete- to Earth.



PULSARS PRODUCE THE POSITRON EXCESS

* What were the uncertainties in pulsar models?

e |: The ete- production efficiency?

* ll: 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
is 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 e+e- to Earth.



TEV HALOS ANSWER THE KEY QUESTIONS!

Tested radius

F7 x 1015

[°] [TeV~lem™2s71]
-2.57 + 0.15 6.7+ 1.5
2.0 -2.23 + 0.08 48.7 + 6.9
-2.56 + 0.16 6.5+ 1.5

2HWC J0631+4169

2HWC J06354-180

o Best Fit:

-1.9<0<-1.5
cut— 50 TeV

~3-9x1033 ergs!

TeVCat

Geminga
Geminga

Geminga

Geminga
a=1.9

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



PULSARS PRODUCE THE POSITRON EXCESS

* What were the uncertainties in pulsar models?

e |: The ete- production efficiency?

e II: The ete- spectrum.

* 1ll: 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 cutoft
in the flux of electrons from a pulsar can be much smaller

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

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.



EVIDENCE FROM HADRONIC PHYSICS

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

°* The average grammage
encountered by cosmic-
rays before they escape the
galaxy (e.g. B/C)

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

e Diffusion: 5x1028 cm2s-1,
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Fool me once.... shame on, shame on you...

Fool me..... you can’t get fooled again!



HAWC OBSERVATIONS
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* Morphology of each pulsar fit by diffusion.

* Diffusion coefficient near the pulsar is quite small.




HAWC OBSERVATIONS Abeysekara et al. (2017; 1711.06223)

Pulsar Parameters Geminga PSR B0656+14
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HAWC OBSERVATIONS Abeysekara et al. (2017; 1711.06223)
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Extrapolate Low-Diffusion Constant Extrapolate the High Diffusion
UP to Earth: Constant DOWN to Earth:
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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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e Recently the HESS telescope detected 20 TeV electrons near Earth.




CAN THE LOCAL DIFFUSION CONSTANT BE LOW?

D = (3.86 X 1046 cm2/s) EU33
d = 200 pc
- a=1.0
---a=1.5
a= 2.0

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




THE POSITRON FRACTION FROM TEV HALOS

Sum

—— Geminga

B0656-+14
Other Pulsars

* Reasonable models can be exactly fit to the excess.



ASSUMPTIONS
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Understanding Pulsars Sudoh, TL, Beacom (TES)
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Detecting New Pulsars
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WHAT ABOUT MILLISECOND PULSARS?

1035
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 b 10 Tev
diffusion constant.

e New opportunities
to understand |
] . Kraichnan
galactic magnetic a =32

fields.
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X-RAY SYNERGY 1506.03069

* Should observe coincident synchrotron Halo

e Possible Detection! (G327-1.1)

Area Cts N
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e New opportunities for studying TeV halo morphologies!



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

e 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



