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Overview

* New sky maps
— 50 Sources - many previously unseen
— New Source classes - TeV Halos, Microquasar

« Highest Energy Sky

« Other exciting science
— Cygnus Cocoon
— Stacking Analysis
— Transient Sources
— Dark Matter Limits
— Lorentz Invariance Violation

* Multimessenger Observations
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Extensive Air Showers

** The atmosphere of Earth is opaque to gamma rays -> It produces an extensive air shower.

~N-ray P




Detecting Extensive Air Showers

shower size [arb. units]

atmospheric slant depth [g cm ?]

200

400

600

800

1000

O0 02040608 1

Milagro

e ey -

20
16

12
10

0

()]

[uny] 19A9] evas aaoqe jybray

=

IAZUSE] S O

HAWC Incident Primary —— ‘

Particle

Shower Axis

Particle Disk

Detector Level / e

Z. Hampel



How HAWC Sees the Gamma-Ray Sky

* Sky moves over HAWC, we say sources
“transit” through our field of view

e Sources at HAWC's zenith easiest to
observe

e Data taking happens constantly day and
night
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1523-day HAWC Sky Map — 3HWC Catalog

Astrophys. J., 905(1):76, 2020
Note that 2HWC

Catalog was 507 days
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1523-day HAWC Sky Map — 3HWC Catalog

Astrophys. J., 905(1):76, 2020
Note that 2HWC
Catalog was 507 days

significance [O]



1523 Days of Data
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Pushing to the Highest Energies (>56 TeV)
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Pushing to the Highest Energies (>56 TeV)
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Pushing to the Highest Energies (>56 TeV)
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Pushing to the Highest Energies (>56 TeV)

New Energy ap' Data

Not yet published. For older dataset:

. : o : -
Acceleration mechanisms: hadronic or leptonic: Phys. Rev. Lett. 124, 021102, Jan 2020

e Correlation with neutrinos? 11



Pushing to the Highest Energies (>100 TeV)
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Not yet published. For older dataset:
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Acceleration mechanisms: hadronic or leptonic: Phys. Rev. Lett. 124, 021102, Jan 2020
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Pushing to the Highest Energies (>100 TeV)
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Pushing to the Highest Energies (>177 TeV)
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Discovery of TeV Halos — Geminga & Monogem

Surface Brightness [10712 TeV cm~2 s~! deg2]
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Science Vol. 358, Issue 6365, pp.
911-914, 2017

100 TeV e- inverse Compton scattering off CMB

Measured size 10x smaller than expected from
expected standard value of D1oo Tev

Assuming a simple model - they can’t be the source of

the positron excess
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Discovery of TeV Halos — Geminga & Monogem

* Geminga halo also confirmed by Fermi LAT

» Diffusion Coefficient is consistent with HAWC observation (left)

e Joint Fermi-HAWC spectrum constrains acceleration efficiency (right)
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Discovery of TeV Microquasar —SS 433

The central source is MGRO J1908+06 and below it are the lobes of SS 433
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significance [o] significance [o]
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Discovery of TeV 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

— Acceleration does not happen at the
black hole because the cooling time of
the electrons is too short to make the
observed gamma-rays

Nature 562, 82—85 (2018).
https://doi.org/10.1038/s41586-018-0565-5
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Cygnus Cocoon Region

« Can these SFR accelerate particles to high
energies?
Candidate: OB2 association in Cygnus Region 3

- Fermi detection at GeV (Ackermann et al.,
Science 334, 2011, ‘The Cocoon’) ~

- HAWC detection of a likely TeV counterpart a
- Only SFR seen from GeV to TeV!

« Energy budget and diffusion profile consistent with -1
proton acceleration in collective star winds

10-10

Nature Astronomy, 5(5):465-471, 2021
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Stacking Analyses

e Stacking of likelihoods method
used to study multiple sources
simultaneously as a single “source
species”

* Three stacking analyses in 2021:
1. High E pulsars at >56 TeV
2. High-mass microquasars
3. Giant molecular clouds as
sea of CR

Flux (TeV/cm~”2/s)

x 1074

x 10712

x 10712

x10-%2

Astrophys. J. Lett.,

911(2):L27, 2021

Astrophys. J. Lett.,

912(1):L4, 2021
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Transient Sources — Mrk 501 and Mrk 421

HAWC detection of increased TeV flux state for
Markarian 501

ATel #8922; Andrés Sandoval (IF-UNAM), Robert Lauer (UNM), Joshua Wood (UMD) on
behalf of the HAWC collaboration ’
on 7 Apr2016; 23:38 UT Astronomer’s TEIegram to
immediately alert community
of activity.

Mrk501, Bins 1-9, 2016-04-05 2016-04-05

11.0

Mrk501, Bins 1-9, 2016-01-06 2016-01-06

Mrk501, Bins 1-9, 2016-04-07 2016-04-07

41.0

Mrk501, Bins 1-9, 2016-04-08 2016-04-08

April 5, 2016 I
April 6, 2016

April 7, 2016 —
Monitoring all gamma-ray sources visible to HAWC every day. April 8, 2016
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Transient Sources — Mrk 501 and Mrk 421

Flux>1TeV(CU)
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2_ ........................................................................................................................................ PRELIMINARBY.. . HAWC(Mrk421 /half—transit)
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Dark Matter Study

* Many dark matter targets in HAWC F.o.V.:
*» Dwarf spheroidal galaxies, M31, Galactic center halo, galaxy clusters

* HAWC can place limits if DM annihilation or decay -> gamma rays
¢ For masses higher than models with direct detection or LHC
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Lorentz Invariance Violation

* Photon decays forbidden in C.R.

e If LIV were to exist:
n+2

* Ey —py = Elanlpy
* Photons would decay; producing a
cut-off in the highest energy photons

e HAWC data used to set LIV limits
since HAWC finds evidence of >100
TeV photons with no hard cut-off

E2 dN/dE [TeV cm™2s71]

Phys. Rev. Lett. 124,

10—10 I
131101, Mar 2020
10—11 J
107125
—— J1825-134 Fit —-—- J1825-134 Hard Cutoff
—— J1907+063 Fit ——- J1907+063 Hard Cutoff
—— J2019+368 Fit —-—- J2019+368 Hard Cutoff
—— Crab Fit —-—- Crab Hard Cutoff
10713 1— ' ,
10° 10! 107
E [TeV]
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Multi-Messenger Astronomy — GW

e Gravitational Waves — LIGO B. P. Abbott et al. Astrophys. J., 848(2):L12, 2017

e Automatic search of GRB when GCN alert (LIGO) AW Fieldof View and G Sk Localatin
e At =0.3,1,3,10, 30,100 sec |

* Pre-approved to send detection and
non-detection alerts as GCN circulars

2019-05-21 07:43:59.465 UTC

* If detection (> 30), we send the circular as soon as possible, providing the
hotspot coordinates

* If non-detection, wait for all timescales to finish, then we provide our

sensitivity range
24



Multi-Messenger Astronomy — Neutrinos

* Simultaneous detection of y-rays and neutrinos always interesting!

* Neutrinos — IceCube (170922A)
e Associated with a known gamma-ray blazar TXS 0506+056
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Summary

g © HAWC continuously surveying the Northern multi-TeV sky -

e Discovered new source classes

;-"'} - Searching for new exciting physics
—= * Fulfilling a unique role in multi-messenger astronomy / astrophysics

i ]

-
e
b

* Find exciting updates (publications, conferences, public website,
facebook, twitter)

>
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Other Beyond the Standard Model Physics

» Axion-like-particle searches (ALP)

- Gamma-rays in magnetic fields can

- ALPs modify observed spectra of AGN

convert to ALPs

- More high-energy emission than

10

expected

m, =50 neV
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_10% 2=0.03

2 -1
S

E* AN/dE (TeV ' em
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= Spectrum no ALPs
= Spectrum with ALPs
¢ ¢ Observed Spectrum ||
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-12
13
Mrk 501 spectrum
14 | L
10" 10° 10} 10° 10°
E(TeW)

HAWC collaboration, in preparation, 2018

Primordial black holes (PBH)

— Evaporating PBHs emit bursts

— Could be seen by HAWC as

of gamma rays

transient emissions

— Light curve probes SM

Burst Rate Upper Limit (pc * yr ')

10%

o
3

I "
Whipple Limits (1, 3, 5 sec), Linton (2006)
CYGNUS Limit (1 sec), Alexandreas (1993)

VERITAS Limit (1 sec), Tesic (2012)
HESS Limit (1, 30 sec), Glicenstein (2013)
=®= Milagro Limit

—%— HAWC 1 Year Expected Limit

emon »

~%— HAWC 2 Year Expected Limit
—%— HAWC 5 Year Expected Limit

Tibet Air Shower Array Limit (1 sec), Amenomori (1995)
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