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}W* The High Altitude Water Cherenkov (HAWC) Observatory

. e, "N ol T .. N I
* Why study high energy gamma rays from space?

— Gamma rays travel in straight lines from the production site of the highest energy
charged particles which are bent by magnetic fields

— We want to understand the origin of the high energy cosmic rays and their
acceleration mechanism

* What astrophysical process accelerates particles to PeV energies?

— Shock acceleration in extreme astronomical processes - pulsar winds, supernova
remnants, jets from black holes, binary systems, active galaxies...

* What produces high energy gamma rays?
— High energy pions from hadronic collisions with matter near the source
— High energy electrons inverse Compton scattering off of x-rays or CMB photons
— 100 TeV gamma rays from PeV electrons or hadrons

B 000 | I . e ™S @@ > e [
Winter 2024 - J Goodman 2



Y- HAWC - Recent Results
» Updated sky maps:

— Improved resolution & gamma/hadron rejection

* Highest Energy Sky

VS4641 above 56 TeV

- TeV Halos My -
* Binaries (micro-quasars) - . ' Galantic Cefite
— SS 433 S
— V4641 SGR (new) | -
» Galactic Center T — B Preliminary
» TeV Gamma rays from the Sun-&: .
. AGN results [l he s T
: SUATRLITE ST
» Cosmic Ray Spectra 1T i

-
-
-
-
-~
-
-
”
7

« Dark Matter and LIV Limits

HAWC Winter 2024 3



) HAWC - Recent Results
» Updated sky maps:

— Improved resolution & gamma/hadron rejection

* Highest Energy Sky

VS4641 above 56 TeV

—

e TeV Halos ielimhary ' » ' f .
* Binaries (micro-quasars) 5_4- '—% . | Galactic Cente
— SS 433 4 " | .
. BY*
_ V4641 SGR (new) | b
e (Galactic Center B Preliminary

» TeV Gamma rays from the Sun-©:

* AGN results “;',mifun .
» Cosmic Ray Spectra = o4ttt
* Dark Matter and LIV Limits -

HAWC Winter 2024 4
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Angle Reconstruction

Photons convert to e+e- 1in the water

- I I ™ . ’ -
J Goodman — Particle Astrophysics — Univ. of Maryland Winter 2024 8
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Shower reconstruction

. e, "N ol T .. N I
 Measure: time and light level in each PMT.

» Reconstruct: direction, location, energy, and background rejection.

» Reference: Crab paper ApJ 343 (2017), 39.

Smooth: gamma -like

2 — SFCF Fit i ar — SFCF Fit
PINC Moving Average <(> ! PINC Moving Average <(>
3_ 3‘ i s
“ i

—— p— IIE‘-;. ’e-ll‘ - 3
5 2 .
(@ O
= 5
(@) (@)
S 4l o 11

O+ Ot

-1 ' ' - ' ' ' -1 ' ' ' ' ' '
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
PMT Distance to Reconstructed Core [m] PMT Distance to Reconstructed Core [m]
_ N L e . s — _
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Eff. gamma /\/Eff. hadron

Events with core reconstructed on the array

"‘Pass 5" - Improved Reconstruction
. e, "N .l .. N | I

» Large Events - Much improved background rejection (better than 104)

» Better Angular Resolution - ~0.150
* Wider FOV - Previous 45° - now ~55¢°

Angular resolution

for events with core reconstructed on the array

-1 [ 0% 267
[26%, 37°] S—

[37°, 46°]

— —_— —_— —_— — —_— - - p— — — -— — — — — — —_— —_— —_— —_— -— — —_— —_— —_— ———

|

Pass4 Pass5

| . |

50 — s F
| Pass4 Pass5 R g

45 | . * - :

= [ 0°, 267 ‘s 1.8
a0 [26°,37° — o __yr] = -

= | [37°,46°] — i
SSZE ? 3\; 1.4°—

=. 4 O o
30:— : e
] P A AR d 19
<F | Q" factor -

- j -
15 :_,‘-_ | WA | D " 0.6"}'
10:_,; = 0.4 :—‘—

sE | 0.2°F

E ; w o°E_] : 1 ; 1

. : | , | : | : |

0f 27 47 6.8 10.4 16.1

2.7 47 6.8 104 16.1 245 351 47.2 59.9 72.2 82.8 100
Fraction of PMT hit (%)
AE— .. S .
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HAWC Sky Map 2770 Days of Data - Pass
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HAWC Sky Map 2770 Days of Data - Pass 5
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Pushing to the highest energies (>56 TeV)

Point Source Analysis

e SR AT Prellmlna '
.4 % " “?@| lb' “‘ "‘ ."
. @A 0,70 o gt 'ﬁ o
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O 50 Extended Source Analy3|s
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'Geminga
b >56 TeV
TeV Halo

» Pass 5 - 25 sources are identified above 56 TeV
(compared to 9 in Pass 4)

» Most high energy sources appear to be extended
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i Pushing to the highest energies (>100 TeV)

Point Source Analvsis

83828180797877767574737271706968676665646362616059585756555453525150494847464544434241403938373635343332313029282726252423222120191817161514131211109 8765

-10 1 2 3 456 7 8 91011
VTS

0.50 Extended Source Analysis

83828180797877767574737271706968676665646362616059585756555453525150494847464544434241403938373635343332313029282726252423222120191817161514131211109 8765

-10 12 3 456 7 8 91011
VTS

» Pass 5 - 18 sources are identified above 100 TeV
(compared to 3 in Pass 4)

> Most high energy sources appear to be extended, but

Crab is point-like
Winter 2024 - J Goodman 15



}Wfd Pushing to the highest energies (>177 TeV)

0.5° Extended Source Analysis

b[°]
LN = O W

83828180797877767574737271706968676665646362616059585756555’45352515049484746454443424140393837363534333231302928272625242322212019181716151413121 11098 76 5

vvvvv

-10 1 2 3 4 5 6 7 8 9 1011
VTS

» Pass 5 - 4 sources are identified above 177 TeV (compared to 0 in Pass 4)

> Most high energy sources appear to be extended

Winter 2024 - J Goodman



}ﬂﬁ The Galactic Anti-Center

D . ., "N
« New class of sources

— Highly extended hard spectrum
sources surrounding PWN

— Labeled TeV Halos because their
extension is much larger than the PWN

— In the outer galaxy where there is little
source confusion

— Geminga and PSR B0656+14
* [wo middle-aged close-by PWN
* Very extended in the sky

» Thought to be a possible source of
the positron excess

4 -2 0 2 4 6 8 10 12 14
significance [0O]

- 1IN I I e "N > [
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TeV Halos

* The x-ray emission is from synchrotron
radiation, where the B field is enhanced

o ——

by the pulsar to 10 to 20 uG TeVl-xlbs;lliom”"*
» For the highest energy electrons | (escapede’e)
above ~100 TeV the only thing you f -

can scatter off of is the CMB « B A
because its energy is so low (KN effect)

 We know what the CMB is everywhere

SO0 we measure very extended objects in the
TeV called TeV halos

Sudoh, T., Linden, T\, & Beacom, J. F. 2019, arXiv:1902.08203.

| I = .. I > e | I
Particle Astrophysics Fall 2022 18



}ﬁvfc Microquasars

Possible an A-type supergiant and a very extended disk around a black hole-

HAWC May 2022 19



}fw’é Microquasar SS-433

« HAWC observation of SS433 is the
first direct evidence of particle
acceleration to ~PeV In jets

— Jets are observed edge-on so the
gamma rays are not Doppler boosted to
higher energies or higher luminosities

— Hadronic acceleration disfavored due to

"]

extreme energetics required B
-1 O 1 2 3 4 o
— Acceleration does not happen at the - significance [0}

9 12 15 18 21 24 27 30

- = = Leptonic (inverse Compton) ; Radio (ref. 14)

black hole because the cooling time of
the electrons Is too short to make the
observed gamma-rays

* Fermi observes similar phenomena
iIn AGN (Cen A & Fornax)

- === | eptonic (synchrotron) ¢ XMM-Newton (ref. 15)
Hadronic (r° decay) ® RXTE (ref. 16)

- »* MAGIC-HESS 95% upper limits (ref. 19) E HAWC (this work)

*  VERITAS 99% upper limits (ref. 20)

)

Iog[E:f¢>Y (eVem™?s
A b b L o N »
L L I ] 1

Published in Nature Oct 4, 2018  ~~ ° ° ~ ogE, (V) May 2022 20



T V4641 Sgr - Binary System

. e, "N ol T Vs4w—wgvew L
* Newly discovered TeV micro- *
quasar by HAWC. .

| -1 Preliminary
* \We measure photon energies from

300 GeV to above 100 TeV, withno = *
sign of a cutoff above 200 TeV. - . .

* The source Is surrounded by a
bubble of very high energy 7
emission with a size of roughly ~ B B
100 pC, much more extended than ' Preliminary
the radio jet. EEm—— ¢ ol

» If hadronic this indicates that [N - |
micro-quasars could be ' g I IT* .....
PeVatrons. s | ‘ [

e N | Dok Sourea Nekthert i
Winter 2024 - J Goodman L i M ks s
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SIGNATURES OF COSMIC-RAY INTERACTIONS ON THE SOLAR SURFACE

D. SECKEL, TODOR STANEV, AND T. K. (GAISSER
Bartol Research Institute, University of Delaware, Newark, DE 19716
Received 1991 March 21 ; accepted 1991 June 5

ABSTRACT

We estimate the fluxes of neutrinos, gamma rays, antiprotons, neutrons, and antineutrons that result from
collisions of high-energy Galactic cosmic rays with the solar atmosphere. The results are sensitive to assump-
tions about cosmic-ray transport in the magnetic fields of the inner solar system. The high-energy photon flux
should be observable by the Gamma Ray Observatory. The neutrino flux should produce less than one event
per year in the next generation of neutrino telescopes. The antiproton flux is unobservable against the Galac-
tic background. The neutron and antineutron fluxes are detectable only if neutrons produced in terrestrial
cosmic-ray events may be discriminated against.

Subject headings: cosmic rays: general — gamma rays: general — neutrinos — Sun: activity

. 000 | N T . T > e [
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» Charged cosmic rays ~TeV energies mirror
off the Sun’s magnetic field

Mirror Point

l
i -
I
|
l
I
|
l

* When they Co..r.ne back out they interact in the
corona producing gamma rays, etc

. 000 | I T . T > e [
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(ymc? /GeV) (v, /c)
(lg|/e)(B/Tesla)

rq,/meter = 3.3 X

primary

) trajectory k

| 0
canopy
(B=6.5G)

wx 0SZL

|
<

i photosphere
~ 3000 km (B = 1500 G)

trons muons gamma rays, Cerenkov llght neutrons and oi’Her otherW1se one mlght worry that a s1m11ar suppress1on occurs
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Sun Shadow

* We see the shadow of the
Sun (and Moon) in charged
Cosmic Rays

— The deficit is slightly offset due to
the Earth’s magnetic field

« The Moon’s shadow is steady g
but the Sun’s varies with “BE T

4 3 2 1 0o -1 -2 -3 44

Solar magnetic field (11 yrs) —

— "Solar Max” is the sunspot max o
but corresponds to the minimum
polar magnetic field and vice
versa

AS [°]

B 000 | I . e ™S @@ > e [
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i Sun Shadow

* \We subtract the shadow and
look for a gamma ray excess
from the true position of the

sun o
— Gamma rays are not deflected by =

the field < -

* \We see a gamma ray excess! 3

—4

)

543210-1-2-3-4-5
Aa [deg]
0o 1 2 3 4 5 6
significance o]
. I . P . I 7
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T The Sun in Gamma Rays
I B, 0 "N ol e ..

& Shadow-subtracted Data

H—

DO

-

>4 3 210 -1-2-3-4-5
Aa (deg]

Fractional Deviation |10

0 1 2 3 4 D 6
significance |o]|

B 000 N .  \2maaa ™S @ @@ > e [
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. Shadow-subtracted Data

At solar minimum, the
toroidal field is at minimum
strength, sunspots are
relatively rare and the

Weak Solar Field

“Bod 39 1 Dl 9B ds

strength. )
0 1 2 3 q 5 6

significance |o]

5
i B z Shadow-subtracted Data
f =5 ' :
o = Stronger Solar Field
. S o
-9 éd
g Solar Min 5
'543210-1-2-3-4-5 3
Aa [deg] >
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Aa [°]

1

significance o]

significance [o]

Bins 2-4 Bins 5-8

B 000 N .  \2maaa ™S @ @@ > e [
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Fermi-LAT (Solar Min.)

+++ 441
. -U t4

- Wi S T

|

10-3 10-2 10~ 100 10!
Energy | TeV |
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The Future

/
/’ To astrophysical

/,/ source

/\ Incoming gamma ray

Collision with
atmospheric
nucleus

Extensive Air /
Shower

Particles penetrate
detector tanks, interact
and are detected

at least 4400 m above sea level

The Southern Wide-field Gamma-ray Observatory e AT R W T T ST T .

Charged Particle
from Air Shower

Light-Tight
Tank

\‘
\ .
X . PARTICLE DETECTOR ARRAY
i : i i
oS- .. 6 N
Yte, del;e? e

tors /
At yp tO?OO Ff' I

Sensitive —
Photodetector

. I Not to sale "=ait: Richard White, MPIK
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