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NG HAWC - Recent Results

* New sky maps
— 950 Sources - many previously unseen
— New Source classes - TeV Halos, Micro-Quasar

» Highest Energy Sky

» Multimessenger Observations

— LIGO
— |lceCube

» Other exciting science
— Dark Matter Limits
— Fermi Bubbles
— Anisotropy
— Primordial Black Holes

— Lorentz Invariance Violation
— Fast Radio Bursts >56 TeV s

HAWC Fall 2020 4
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High energy gamma rays

>Wide field of view

*High duty cycle (~95%)
Cirdacir . . Good sensitivity

-
>

100 10 1 100 10 1 100 10 1
TeV TeV TeV GeV GeV GeV MeV MeV MeV

I I I I I I I I I | | | | | | | | | | |
M h .
Visible light mg.satr: ; Espz ctrum — Long-wavelength
observable Radio waves observable | 5gi0 waves

‘Gamma rays x-rays and ultr aviolet
light blocked jf.‘?‘ii-‘the upper atmosphere
(best observed from space).

absorbed by;j from Earth.

5‘ “’1 T‘gﬂ[ (-151

o Xl

HASSO B Fermi-LAT o
IACTs

50 %

Atmospheric
opacity

0 %

0.1 nm 1 nm 10 nm 100 nm 1pum 10 pm 100 pm 1 mm lcm 10 cm Im 10m 100 m 1km

*Narrow field of view
> Limited duty cycle (~15%)

> Excellent sensitivity




The HAWC Site .
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Energy range:
~100 GeV - 100TeV
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wiHAWC-111: Operations Begins: August 2013 (283
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Outriggers in operation since August 2018
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3004 WCD tank consiru
~3,900 tanker truck trips

J Goodman — Particle Astrophysics — Univ. of Maryland
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i HAWC Data

- I T "V ol .. BN [ I

 We read in every PMT hit all the time
— Raw data rate - 500MB/s -10 VME Backplanes

* Trigger in Software
— Trigger rate requiring ~30 hits in 300ns is ~25kHz

* Process In near real time
» Rate to disk ~24MB/s -> ~2TB/day (everyday)

« Data is moved by portable disk arrays to UNAM

— About once a week it's driven to Mexico City (pre-Covid) The Data Bus
— Moved over Internet Il to UMD

 Raw Data plus processed data is stored in Mexico and Maryland

— About a petabyte a year

— Currently we have about 7.5 PB of storage at UMD and about 6 PB at UNAM

B I " .. T e [ I
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N HAWC Operations During Covid-19

- I T "V ol .. BN B

« HAWC continues to operate during the pandemic
— EXxperiment can be completely controlled remotely
— Workers from the nearby town went to the site weekly - now daily

— HAWC produces 21B of data/day which is stored on portable arrays in the local town with ~90
days capacity

— Data is transferred to Mexico City (via Uber) and is being copied and transferred to UMD
— Data arrays are returned to the site giving us another 90 days of capacity

« /Zoom Collaboration
Meeting, June 2020
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Direction

At first order, we fit a plane to the relative
timing of each PMT

Sub-nanosecond precision is needed

reconstruction

300 |
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The cosmic ray backgrounad

Charged particles more abundant than
y-rays

hey produce similar showers

:




Background rejection

(Gamma shower

Development of a 2TeV Gamma Ray Shower
from first interaction to the Milagro Detector

Viewed from below the shower front -
Color coded by Particle Type

This movie views a CORSIKA simulation of a gamma ray initiated
shower. The purple grid is 20m per square and is moving at the speed
of light in vacuum. The height of the shower above sea level is shown

atthe bottom of the screen.

Yaltow - muons

muons

Hadronic Shower

Development of a 2TeV Proton Shower
from first interaction to the Milagro Detector

Viewed from below the shower front -
Color coded by Particle Type

This movie views a CORSIKA simulation of a proton initiated shower.
The purple grid is 20m per square and Is moving at the speed of light in
vacuum. The height of the shower above sea level is shown at the
bottom of the screen.

Yellow - muons

Main differences:
- azimuthal symmetry
* MUonN content



Background rejection

rejection

for large showers

>99.9%
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Sensitivity dependence on shower size

84.62, Dec=21.9

5.94, RA

Run 2196, TS 1646809, Ev# 100, CXPE40

The bigger the shower the:

the better the angular resolution
the better the background rejection

the higher the energy
the fewer the events

Bin 3

Bin 6

[su] awn 1y
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HAWC Reconstruction

I i "N el .. BN L
Angular resolution Gamma / Hadron - Cut efficiency
1.2— , - , , , , , , 10° :
o Simulation |
I Measured Crab :  Photons
= B0F I > >
R 3 s | ® :
> 08 - - 5 10} 1 =~
S e O = | U
t IS | QN i RS, .. 5., 1 SO iR s e
2 06 . <0.5° :
5 r. ....................................... R — E
§ 0.4} : o g 107~
> L . <0.25° S | .
% .t.. ........................... E * Had:rons
°7 " <0.25% .
= 2 5 4 5 6 | 7 B 9 10-31 2 3 4 5 6 7 8 9
B B

A.U. Abeysekara, et al, ApJ, 843,2017/ arXiv:1701.01778
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HAWC Sky Map 1523 Days of Data
3HWC catalog paper

HAWC Fall 2020 22



HAWC 1523-Day TeV Sky Survey

23



1523 Days of Data

significance [0]



Two Energy Analysis

S S ——_ .. I I
Ground Parameter Mixing Matrix: E vs. E Neural Network Mixing Matrix: E vs. E
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Kelly Malone (PSU/LANL)
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E2 dN/dE (TeV cm~2 s71)

The Crab Spectrum
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1 — Ground parameter best fit
| — Neural network best fit
- Previous HAWC Fit
---- Meyer et al (IC)
Previous HAWC fit systematic uncertainty
Previous HAWC fit statistical error
GP systematic uncertainty band
NN systematic uncertainty band
® Ground parameter flux points
® Neural network flux points
HESS 2015 ICRC HERE | HEE B
HEGRA 2004 | | - | v o
VERITAS 2015 ICRC v
MAGIC 2015 | .
Tibet ASy Highest

10_13? ' ARGO YBJ T N I I | Energies
10 10 10 102 ~100 TeV
Energy (TeV)
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The Crab Spectrum
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Energies
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-10 123456 7 8 91011
VTS
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> Acceleration mechanisms: hadronic or leptonic?
» Correlation with neutrinos?

> Prospects for testing Lorentz Invariance Violation.

HAWC Fall 2020 28
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> Acceleration mechanisms: hadronic or leptonic?
» Correlation with neutrinos?

> Prospects for testing Lorentz Invariance Violation.
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) Pushing to the highest energies

|m 10_11?

h

; 4

> /'///

é 10-12 y

LL]

&

- | eHWC J1825-134 .

N 10-13L] eHWC J1907+063

| ——— eHWC J2019+368
Crab Nebula !
w0 1wt 10
Enerqgy (TeV)
D 00 | I I .. -
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Lorentz Invariance Violation (LIV)
- I i "N ol e .. N [ I

* Photon decays are kinematically forbidden in classical relativity

e |f there were Lorentz Invariance Violation

— there are various forms of modified dispersion relation (MDR)

n+2
Y

— This would allow photons to decay - producing a cut-off in the highest energy
photons

* We set LIV limits by because HAWC finds evidence of >100 TeV
photons with no hard cut-off

—Eyz_pyzzi ‘an‘p

| I S e, T N > e [ I
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) LIV
- I

T " ol e .. BN B

10
Source p-value E.(95%) E.(30)
I - eHWC J1825-134 1.000 244 158
'Tm N eHWC J1907+4063 0.990 218 162
Y 10-11. — eHWC J0534+220 (Crab) 1.000 152 104
€ § eHWC J2019-+368 0.828 120 88
. _ B—
.lq:J. /
L
&£ 10712, RN
= | — J1825-134Fit  —— J1825-134 Hard Cutoff iy
T | — J1907+063 Fit ~ —— J1907+063 Hard Cutoff 1\
| — J2019+368 Fit —— J2019+368 Hard Cutoff
—— Crab Fit —-—- Crab Hard Cutoff \Y
10—13,,' , , - , : ,,,,,,'“\
10° 101 10°
E[TeV]
| I I .. "N > e [
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HAWC
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Geminga - PWN

Geminga is one of the brightest GeV sources in the

northern sky
It's a middle-aged 340kyr, pulsar T=0.237s

It's close to earth - 2501“%30

X-Ray PWN seen to be very small
First seen in TeV by Milagro at 40 TeV
HAWC also sees energies above 25TeV

Very extended in the TeV - ~5 degrees
across

Not easily seen by IACTs

- IS N .l " .. T
Particle Astrophysics Fall 2020
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}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]

B I I e "N > e [
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Where do these gammas come from?

* |nverse Compton Scattering
» Off of what?

« HAWC sees gammas above 25 TeV from these sources
 These must come from >100 TeV electrons

* At these energies the Compton Cross section is suppressed
for scattering off of IR or optical photons

 Why?

- 1IN I L _aaam W > e [ I
Particle Astrophysics Fall 2020 36



Compton Scattering Cross Section

 Thompson cross section (non-relativistic)

ST ;
Or = ——7T re IS the classical radius of the electron

3 €

* This applies when the photon energy in the rest frame
of the electron is <<mecC?

* |f the photon energy is >mec? you need to use the
relativistic formulation

- 1IN I L _aaam W > e [ I
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Klein Nishina Scattering

d
o = 2w : d—gsin 0do
3 [l+z (2x(1+2) 1 1432 |
= — | In(1+ 2x) | 4 In(1+ 22 (
TR ( 1v2z M 1>> e M2~y
where
hy,
T = -
m,c*
Lamits:
olx) ~ op(l—2x+...) for <1 (Thomson)
3 1 1 .
o(xr) =~ 20T In 22 > for >1 (extreme KN)
L
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TeV Halos

* For electrons above ~100 TeV the only thing you

can scatter off of is the CMB because its energy
IS sO low e

i .

b‘ylj‘ = g - \j"-. .;..“J
” . N
7 ’ .
y [eV Halo

 OTH you know what it is everywhere | (cscRpsiesy)
* The x-ray emission is from synchrotron -
radiation, where the B field is enhanced (confined e*e)

by the pulsar to 10 to 20 uG

* The spatial extent of these two sources at
TeV is tens of parsecs, which is much
greater than the <0.1 pc nebula observed in x-
rays so the B is like ISM values of ~ 3 uG

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

™ > e | I
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) Geminga and Monogem

N Distance from Pulsar [degree] N Distance from Pulsar [degree]
o 0 2 4 6 8 10 o 0 2 4 6 8 16 —
9 12 - — . , ' 2 0.7 . T T - : !
- A j Geminga - PSR B0656+14
Rt O = ST SRR SO W [ wost B $ Data | z
. o~ .
; ' —— BestFitD+ 1o | o it D+ 10" | '
g , » g i BestFit D+ 1o | : 5
) w ’ b ' ;
- - 0.4 K2 : o
-'—F 0.6F § - eSS A RS Sk G e (e R gl 0.3 ;w 100;” """ @1t R s
S : : S ' |E :
W 0.4 0 0.2 > ¢
Q Q O -
0 S ., = 1077 ool BB L
A s _ s A s < ~—
=) 0.2 8\ [ o
o m 0.0 - L ' '
@ —r , @ P 102 H ' 3 P
o 00— T ; ! o i i | | | 5=0.33 (base) = = 1=4x10%yr : T8
‘g 0 10 20 30 40 50 p 0 10 20 30 40 50 [|= = §=0.31 = = Fit param. syst. : A *
. - i I . =
= Distance from Pulsar [pc] A Distance from Pulsar [pc] | == §=0.35 3c range (base)
[ |m— 1 =3.6x 10%yr ® AMS-02e* :
10—3 PR T | . TR R : = v el
1078 1072 107!

Energy [TeV]

* 100 TeV e inverse Compton scattering off CMB Y s S — °

+ Measured size 10x smaller than expected from 3 5
expected standard value of D1oo Tev

» Assuming a simple model - they can’t be the source of w £
the positron excess Bl s s ot et

-300 -250 -200 -150 -100 -50 0
X offset [pc]
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}W%Geminga Halo Recently Confirmed by Fermi LAT

» Diffusion Coefficient is consistent with HAWC Observation (left)
» Joint Fermi HAWC Spectrum constrains acceleration efficiency (right)

6 v 10 E T | llllll. | | lllll[- | | llllll! T | llll?
_____ @ AR ES SN '
................................................................ N\ § \‘ |
. - -
i -
.......................... Mattia Di Mauro.. . . > 1 ]| TS TORRRR. FRON. .~ OGROTRON NIO—
GSFC CI: i = , -_-
=~ [ Mattia Di Mauro ‘\\ ]
......................................................................... f - GSEC ; .
. a3 i ? 5 g g
lo range - f r :
___________________ —— Best fit —_— ., =17, n=1.9% Hawc diffuse template
1o error Hawc 2017 |— 7. =18, n=12% 4 Fermi-LAT
-------- Best-fit Hawc 2017 — i, =1.9, 1=08% 4 Fermi-LAT
- , " . 10'9 L]_ 1 1 ||l|||l2 1 I ||||||l3 1 1 |||||ll4 1 1 llllLIJS
10%/ 10 10 10 10 10
D [cm? /s] Di Mauro, M., Manconi, S., & Donato, F. (2019). Submitted to PRD E [GeV]

https://arxiv.org/abs/1903.05647
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) New PWN / TeV Halos?

» Linden suggest that there are
mOre nearby PWN tO be ® H.ES.S. - ATNF Pulsars (Full Sky)

® H.E.S.S. Candidate = ATNF Pulsars (Middle-Aged,

found based on Spin down 1038 s p ® HAWC Candidate HAWC field)

power and distance - — 107" . Lewer,,

r =
« HAWC has already seen SR
several of these e

HAWC detection of TeV source HAWC J0635+070

-
O ° ® .
ATel #12013; Chad Brisbois (Michigan Technological University), Colas Riviere (University of O 1 . 34 | - « © - "
Q.
n

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)

HAWC detection of TeV emission near PSR B0540+23 = f i

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 (\) \l
on 9 Nov 2017; 23:11 UT 1032 3y | R S S,
Credential Certification: Colas Riviere (riviere@umd.edu) 1 O —_ 1 1 O 0

xHWC J2005+311 Distance (kpc)
Shared with MOU partners Linden et. al 2017 PhysRevD.96.103016

Q)

Newly discovered Fermi Pulsar
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Another middle age PWN

similar to Geminga and B0656+14
E'=4.1x10% erg s—1,

d = 1.560 kpc, T = 253 kyr

Can test if all are Geminga-like
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3HWC J1030+188 3HWC J1928+178



Model of the region and 3ML fit

Model :

Prelimi

* ] point source for 3HWCJ1930+188 (J1930)

* 1 point source at the location of the excess
near PSR J1932+1916 (J1932)

Galactic Latitude

* ] extended source + a continous injection
diffusion at the location of the excess for

3HWC J1928+178 (J1928)

The gamma-ray flux as a function of the distance d is
approximately proportional to

£ = 1.22
d ™ 13/2p,(d+0.061)

56° 35 54° 53° 52° 21°

Galactic Longitude

exp(—=d®/rg

-3 -1.2 (.59 2.4 1.2 O .5 9.6 | 1 13 15
Sienificance (o) Q



3HWC J1928+178 Region
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SHWC J1928+178 Region
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}ﬁvfc Microquasar SS433

Possible an A-type supergiant and a very extended disk around a black hole:
The jets from SS 433 precess with a period of 13 days.

HAWC Fall 2020 48



The central source iIs MGRO J1908+06 and below it are the lobes of SS 433

o

‘Residual Map.
U .

O 2 4 o6 8 10 12 14 -1 © 1 2 3 4 0

significance [o] significance [o]
- 1IN I ™ > e [ I
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}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  ~~ ° ° ~ ol 01 Fall 2020 50



}ﬁgﬁc’ CR Origin: Star Forming Regions (SFR)

*No evidence of particle acceleration in SNRs beyond
100s of TeV

*Can SFRs provide this energy via e.g. collective star
winds?

» Candidate: OB2 association in Cygnus Region

*Cygnus OBZ2 is an OB association that is home to
some of the most massive and most luminous
stars known
* It is hidden behind a massive dust cloud known as
the Cygnus RIft, which obscures many of the stars in it. This

means that despite its large size, it is hard to determine its
actual properties.

*Including two Massive stars orbiting tightly
 Steller Winds collide producing x-rays

* These can influence star formation and possibly accelerate
particles

HAWC Winter 2020 51



}rfv«’c The Cygnus Cocoon

» 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 ~
- Only SFR seen from GeV to TeV!

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

Fermi-LAT
Contours

3FHLcocoon \

‘h—‘ -
82 80 78
ﬂ___—__
—4-20 2 4 6 8 10 12 14
significance (o]

HAWC Map after subtraction of
PWN & y-Cygni

all s 3

82 81 80 79 78 77
:_Ioix
-4 -2 0 2 4 6 8 10 12 14
significance [0]
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Cygnus Cocoon

10—10 : m
B
2
3
=~ -11._
S 10
O
=
g Ecutoff ~ 20 TeV
]
< -12
E 10 :
!U ’
¢
] | — TeV cocoon spectrum with HAWC
| —— Gamma-Ray spectrum with Fermi-LAT and HAWC data
¢ GeV cocoon with Fermi-LAT (Ackermann et al., 2011)
1013 — v — S —— S—— ————r—r—rlirr
10 10~4 101 10Y 10! 10°__
- 1IIs [

Energy [TeV] Spring 2019 53



Cygnus Cocoon

I B " "N  a e .. BN [ I
-9
10 : 0.14 —— Constant profile
- I ~ == Continuous injection s 1/r profile
Prel I m I nary A recent burst 4% CRdensity (=10 TeV)
= 0.12 - -+ CR density (>100 GeV), Aharonian et al, 2019
_ "“E -== |ocal CR (=10 TeV)
- = —
. S oao0- Preliminary
~ Hadronic zo
5 §  |Constant Inje(ition
%) % 0.061)
e +
> 0.044 ™~
© 107724 $ BHAWC G —
¢ Fermi 4FGL | ———p— Recent Injegtion
Fermi-LAT Coll. (2011) 0.02 —
ARGO T
o g = ) U N PSS  () (S 0.00 res=sssssgssssss==s a——— S T |
109 1010 1011 1012 1013 1014 1015 0 10 20 30 40 50 60
E, [eV] Projected radius (pc)
B 0 | I ™ .. e > e [
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%«76 CR Origin: Super Nova Remnants (Henrike Fleischhack - MTU)

*HAWC detection of significant TeV y-ray
emission from middle-aged Four SNRs: y-
Cygni, IC 433, W51C, and Boomerang.

 Combined fits of Fermi and HAWC data 10 (i
describing the GeV-TeV emission as pion
decay spectrum

HI; HAWC 1017 days contours
]

' /, %
[}
e L]
- / b ----- =~
'_ Bicy - - A
. -
»

40.0

» Boomerang detection now above threshold e
significance (HAWC J2227+610) Y RnEn s
SNR_G106.3+02.7

IC443 SNR W51 interacting SNR
i wr

o S SR S ' S N
i B 4
p !
iU ®
s V1 B

* Future prospect:
- Stricter constraints on maximum

2
particle energy through N
improved HAWC sensitivity at "~ 1
hlgh energy 170 171 177 51 50 14509 48 47 108 107 / 106 105
-Improved morphology studies o wRRLES RN WSS RN R
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« Middle-aged SNR, ~6000 yrs [Lozinskaya et al., 2000]).
» Distance: ~1.7 kpc.

» X-ray/radio shell, enhanced emission at
nothern/southern edge.

» Seen up to TeV energies. ‘

* Leptonic or hadronic emission? = 10,5 (i e
« Fermi fit with disk B FermiLAT-. | (I° ‘
and hotspot e S
2 . L/ .
« HAWC removes Cocoon ¥ Sk .
306 305.0 a[3°(])5 304.5
and J2032+4130 . HSEESES A —

5 9 13 17 21 25 29 33 37 41 45 49
CGPS brightness T at 1.4 GHz [K]

B Fraija and Araya 2016}

..........................
\\/

3055 3050 3045 304.
Right Ascension ., (deg)

I I . i > I
J. Goodman — Particle Astrophysics — Univ. of Maryland Spring 2019 56




Combined Fermi - HAWC fit to y Cygni

- I i " -l .. S B

HAWC Preliminary

—_—

<2

10—11 -

|

[TeV
cm?s

dF
dE

E2.

Fermi-LAT (4FGL)
10-12 - —— LAT 10 years, disk model

' —— HAWC 3 years, disk model
—— Joint fit, pion decay model

104 10% 102 10"  10° 10
Energy [TeV]

- I I " .. T N - [ I
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Boomerang - A Galactic Pevatron

« SNR G106.3+2.7 i1s a comet-shaped radio source

PSR J2229+6114, seen In radio, X-rays, ang o
gamma rays

 Boomerang Nebula is contained in the LGI'S
remnant (coldest spot in the Universe?) g i

. VERITAS source oo RN (o)

. The joint VERITAS-HAWC spectrum is well fit S ‘
by a power law from 800 GeV to 180 TeV B

* |f hadronic, the cutoff energy in the underlying |
proton spectrum is constrained to be above 800 - T eidEW - e
=y T —

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

B I I .. "N > e [
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Boomerang - A Galactic Pevatron?

SNR G106.3+02.7 (HAWC Preliminary)

---- VERITAS 2009 (scaled) —— HAWC 1350 days, point source

10-11{ —-— Joint proton fit (cutoff at 800 TeV) ‘& MILAGRO 2009

| e Joint proton fit (no cutoff) ¢ MILAGRO 2007
S|
3t
52
=

Y, 10712
T T T
Energy [TeV]
I I I .. B > e [

J. Goodman — Particle Astrophysics — Univ. of Maryland Fall 2020 59



* Large scale, non-uniform structures extending
above and below the Galactic center.

Fermi smoothed
* Edges line up with X-ray features. all-sky map : Galactic

* Correlate with microwave excess (VWMAP haze) (1to10 GeV) i plane

* Both hadronic and leptonic model fit Fermi LAT data.
Leptonic model can explain both gamma ray and microwave excess. t |

* First limits in TeV, hard spectrum is highly unlikely. Galactic

center

' Gamma-ray erﬁission,s_ S ' - R R ‘ Fermi reSidual o
| all-sky map

I 00 | - ;% “Fermi
- X-ray emissions 2 - : r S : 5 . :

B = F R T A : f o oy  bubbles” "
: e ol oy .' 50,000 lightyears 2 ' ) . I , . ¢ . i .

N ey, ;
HRERE S

Milky Way
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CR Transport: GDE, Fermi Bubbles

—— GALPROP: IC

—— GALPROP: Pion Decay i

—— GALPROP: Total
¢ Total 10

— ¢ 2HWC Subtracted

20

15
Lof

dN/dE at 7 TeV [(TeV cm’ ssa) !
o
n

o
=}

180 160 140 120 100 80 60 40 20 0
Galactic Longitude [deg]

10~6 10-10.

11 1 1 111

significance [o]

& Molecular Clouds

-
L Molecular Clouds
1N \\
o _ \\\ =
| -7 o ~ NG
n 10 . v 10 111 Mo
™~ - g ] \\\ I I
lE § 0y !
& h E, \\\\\ /
3 I
O \ ~SE I R R A e
LU -8 - \\ L\’
S 1075 5 | PRURE +
= { —— Hadronic Model 1 —— HAWC UL 95% \ -
N | ==~ Hadronic Model 2 HAWC UL Expectation
b | —— Leptonic Model1 =~ —— IceCube Hadronic Model ’\\ Sensitivity and GMC Predictions
“é‘a’ -== Leptonic Model 2 ¢ Fermi 2014 Ap) 793 \ —— new 2 year(s) 3° 50 --- new 5 year(s) 3° 50 —4— Aquila Rift —— Hercules
10—9 I | LI llll | I LI llll | | LI llll | | LI llll I | LI lll l‘ I LU IIII | neW2 year(S) 50 50 i newsyear(s) 50 50 + Taurus
101 102 103 10 105 A ' ' - - - ’
-20 -10 0 10 30 40 50

* Future Prospects: v

- Test of Galactic Diffuse Emission Models at multi-TeV (GALPROP, DRAGON)
- Improve upper limits on Fermi Bubbles by almost an order of magnitude

- Unprecedented probe of CR flux a distant galactic regions through their interaction with Large

Molecular Clouds using multi-TeV gamma-ray

Declination [deg]

- Direct CR measurement: Update of Large scale anisotropy and localized excesses measurements

HAWC

Fall 2020
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it
Many Dark Matter Targets in HAWC's Sky

* DM rich sources are
dwarf spheroidal

galaxies (pink dots), oL pradd FRMiner Yrsa gpalor i
M31, Galactic center T DTN wimdtaicts
halo, and galaxy ol \ |
clusters (white ¥ ' oGPl | el
Circles)‘ 44 | | .5 ' g ComaBe[%/"fFSS e , [ 'Segue/I
' | eg 5. :
DM annihilation or 2 5 B
decay produces \ % A oIV Sextans
gamma-rays TRy | N | |
« HAWC has placed R Sag'tta;“is' S
strong limits on o \_305"’9*\ )

multi-TeV DM (i.e.
masses > than
testable with direct

detection or the
LHC)

significance [o]
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it

Dark Matter Searches with HAWC

10-18 : 7T Annihilation Upper Limits
: : —_— , e —— 1071 -
[ R 1 w—— MpM =1TeV == MpM =10TeV  ==. MpMm =59 TeV
-19¢ Excluded i : : < — MpM =2 TeV Mom =21 TeV == Mom =88 TeV
10 : — HAWC Gal. Halo Einasto : ‘ — Mo =3TeV == Mow=39TeV == Moy =108 TeV
20 : = HAWC Combined 15 dSph : | —— Mo =5 TeV
— N - = VERITAS Combined 5 dSph
¥ 53] HESS GC Einasto | & 107
o 10- ; - = Fermi LAT Combined 15 dSph{ 7 Excluded
E ’ MAGIC 160 hrs Segue | ' =
Q "22 bf NU
e 10~y —TFFFe—" R
= O
S -23| |  — 107
B 10 3 s ’g
\/ 10‘24 e —
10-25; 1 | Constraints on DM sub-halos not yet
A | Thermal, un-enhanced bb : 1041 detected at other wavelengths
]_O3 104 ]_()5 ~10 0 10 20 30 40 50

mX[Gew Declination [degrees]
« HAWC’s wide field of view plus daily exposure of several dark matter targets yields
best limits on dwarf spheroidal galaxies for highest DM masses
« HAWC published limits from 15 dSphs, M31, and the Galactic Halo
e Currently analyses include lrregular dSphs, the Virgo Cluster, unknown sub-halos,

and gamma-ray lines
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S

AWC -

~ Superevent Log Messages

LIGO Events - Run O3

v Sky Localization

Mollweide projection of bayestar.fits
bayestar.png. Submitted by LIGO/Virgo EM
Follow-Up on Apr 26, 2019 15:46:58 UTC

event |D: G330686
distance: 423+128 Mpc
,/’
0 742
Mpc
] @
371 Mpc

Volume rendering of bayestar.fits
bayestar.volume.png. Submitted by
LIGO/Virgo EM Follow-Up on Apr 26, 2019
15:47:24 UTC

Mollweide projection of bayestarl.fits
bayestarl.png. Submitted by LIGO/Virgo EM
Follow-Up on Apr 26, 2019 16:21:03 UTC

event |D: G330687
distance: 375+108 Mpc

Mpc

" '

® L

323 Mpc

Volume rendering of bayestarl.fits
bayestarl.volume.png. Submitted by
LIGO/Virgo EM Follow-Up on Apr 26, 2019
16:21:30 UTC

50% area: 214 deg’
90% area: 1131 deg*

manually uploading LALInference.png
LALInference.png. Submitted by Shaon Ghosh
on Apr 27, 2019 10:07:58 UTC

0 638
Mpc

\

319 Mpc

manually uploading
LALInference_volume.png
LALInference_volume.png. Submitted by
Shaon Ghosh on Apr 27, 2019 11:28:51 UTC

50% area: 214 deg’
90% area: 1131 deg*

Mollweide projection of LALInferencel.fits
LALInferencel.png. Submitted by LIGO/Virgo
EM Follow-Up on Apr 27, 2019 11:51:20 UTC

distance: 377+100 Mpc

oA
\

0 638
Mpc

\

319 Mpc

Volume rendering of LALInferencel.fits
LALInferencel.volume.png. Submitted by
LIGO/Virgo EM Follow-Up on Apr 27, 2019
11:51:49 UTC

BNS
MassGap
Terrestrial [ %

NSBH 3%

BBH | 0%

Source classification visualization from
p_astro.json p_astro.png. Submitted by
LIGO/Virgo EM Follow-Up on Apr 26, 2019
15:47:04 UTC

UTC ~
Log Entry Created

Submitter

Comment

Apr 27,2019 11:51:17 UTC
Apr 27, 2019 11:50:29 UTC
Apr 27, 2019 11:48:44 UTC
Apr 27, 2019 10:00:15 UTC
Apr 26, 2019 16:20:59 UTC
Apr 26, 2019 16:19:18 UTC
Apr 26, 2019 16:17:05 UTC
Apr 26, 2019 15:46:59 UTC

Apr 26, 2019 15:46:54 UTC
Anr 26 29010 15-A6-SA LITC

FITS headers for LALInferencel.fits LALInferencel.html

Flattened from multiresolution file LALInferencel.fits LALInferencel.fits.gz
Multi-resolution FITS file LALInferencel.fits

manually uploading lalinference.fits.gz lalinference.fits.gz

FITS headers for bayestarl.fits bayestarl.html

LIGO/Virgo EM Follow-Up
LIGO/Virgo EM Follow-Up
Leo Singer

Shaon Ghosh

LIGO/Virgo EM Follow-Up
LIGO/Virgo EM Follow-Up
LIGO/Virgo EM Follow-Up
LIGO/Virgo EM Follow-Up

LIGO/Virgo EM Follow-Up
11CO /\Nivan EM Eanllaw_1l1ln

Flattened from multiresolution file bayestarl.fits bayestarl.fits.gz

Copy of bayestar.fits bayestarl.fits

I
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Flattened from multiresolution file bayestar.fits bayestar.fits.gz

Localization copied from G330687 bayestar.fits

FITS haadarc far havactar Fre havactar himl



LIGO Alerts Run O3

i " -l .. S B

HAWC Field of View and GW Sky Localization HAWC Field of View and GW Sky Localization

2019-04-08 18:18:02.287 UTC 2019-04-12 05:30:44.167 UTC

S190408an S190412m

HAWC Field of View and GW Sky Localization HAWC Field of View and GW Sky Localization

2019-04-21 21:38:56.254 UTC 2019-04-25 08:18:05.018 UTC

S190421ar 51904257

. I S .. TN N - [
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Gravitational wave follow-up

We run the maximum likelihood analysis testing many locations and time intervals:

95% of the sky localization probability
Different timescales: 0.3s to 1000s
Overlapping time windows by 80%

Total search duration depends on the timescale

HAWC Field of View and GW Sky Localization

e384 5AA4 AR MMM RDES AN 20 2 800000020 .

2019-05-21 07:43:59.465 UTC

Time window widths

At = 0.3s — 1000s

Strain (10?")

- =— L1 observed - =

H1 observed (shifted, inverted)
] ] | |

0.30 0.35 0.40 0.45

Time (s)
8
—5A¢ [y —10A?

60



}f* Processing Alerts (Israel Martinez)

- I T " ol .. N [ I

 When HAWC gets a GCN alert from LIGO
* We automatically start a

* Running zebra-transient-search
95% containment of the sky localization probability

» Testing with time windows At = 0.3s, 1s, 3s, 10s, 30 and 100s
» Search from t0 - 5At to tO + 10At The whole analysis takes ~30min

* Timescales are processed sequentially (e.g. 0.3s might finished after a
few minutes) If a hotspots is detected, an alert is sent ASAP
The same event might trigger multiple hotspot alerts from different
timescales

| I I .. "N > e [ I
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Processing Alerts

gw-bot APP 13:22
TEST: Hotspot detected [2019-04-18 17:22:35 UTC]

Starting automatic analysis [2019-04-25 09:01:02 UTC]

Timescales: (0.3s, 1.0s, 3.0s, 10.0s, 30.0s, 100.0s) EVENT ID: MS1903240
REVISION: 1
EVENT ID: 5190425z GW TRIGGER TIME: 2019-03-24 14:36:30.034 UTC
REVISION: 1 TIMESCALE: 0.3s
95% CONT. AREA: 12548.96 deg? TS - 36.1
AREA IN FOV: 4941.81 deg! SIGNIFICANCE: 4.06 sigma
PROB. IN FOV: 0.48 HAWC TRIGGER TIME: 2019-03-24 14:36:28.686 UTC
HAWC ZENITH RA/DEC: (240.1 deg, 19.0 deg) TIME DIFFERENCE: -1.3s
ZENITH RANGE: 0.0 - 45.0 deg RIGHT ASCENSION: 278.7@deg
1s 80-800GeV SENSI: 1.2e-06 - 1.1e-04 erg/cml DECLINATION: 15.71deg
100s 80-800GeV SENSI: ©6.4e-0b - 5.0e-04 erg/oml POS. ERROR: 0.96deg.

Note: significance includes trials

- I I " .. T N - [ I
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HAWC Alert Page (Internal)

Link to LIGO-Virgo event webpage » S190425z

. This event has been confirmed,

confirmed or retracted — HAWC Field of View and GW Sky Localization
360°
Result are posted for each
timescale as soon as they are done
2019-04-25 08:18:05.018 UTC
Results:

Timescale: 0.30 s

Hotspot TS distribution vs expectation. :
— ¢

Serves as a quick check that things are working correctly o1 t

|

The expected number of hotspots is estimated at zenith, = 10 -
where we have better angular resolution,
so it might be off by a factor of ~2 1072
Expected
§ Observed
103 v v - + - - - -
10 12 14 16 18 20 22 24
TS
List of sub-threshold hotspots. 196:00 3889 0 0077 Tl Gise <300 T 124027550533 1240315505.47
: - 19516 30.60  0.38 113 <3.00 1240215302.72  1240215803.02
For a qL”Ck |OOk ln Case Someone else \ 204.70 0.90 0.65 9.11 <3.00 1240215503.02 1240215503.32
B detects something im0 SR IR SE o naEnn a7
213.93 4.41 0.57 12.62 <3.00 1240215502.12 1240215502.42
215.00  59.20  0.78 12.32 <3.00 1240215502.42  1240215502.72 Fall 2020 69

216.30 8.99 0.54 13.41 <3.00 1240215503.32 1240215503.62



- I T "V ol .. BN [ I

* \We are pre-approved to send detection and non-detection alerts as
GCN Circulars

* There are templates available for both cases

— Can be completely filled with info from messages posted in Slack by gw-bot If no
detection

* |f NO detection (by HAWC)

— Walt for initial alert (confirmation)
— Walit for all timescales to finish
— Provide our sensitivity range depending on the zenith angles covered

 |f there is a hotspot (>30 post-trials):

— We send the circular as soon as possible (don't walit for confirmation or unfinished
timescales) - Provide hotspot coordinates.

| I S e, T N > e [ I
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- lceCube 170922A - TXS0506+056

original GCN Notice Fri 22 Sep 17 20:55:13 UT 10
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lceCube 170922A - TXS0506+056
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}W* lceCube Followup - TXS0506+056

HAWC OverJ;elp
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* |ceCube - neutrino emission from TXS 0506+056 prior to the alert
« HAWC started operation Nov 2014 - just during this period
* No detection - but interesting limits - paper in the works
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- Transient Search - Mrk 501

- I T " -l .. B

HAWC detection of increased TeV flux state for
Markarian 501

ATel #8922: Andres Sandoval (1F-UNAM), Robert Lauer (UNM), Joshua Wood (UMD) on
behalf of the HAWC collaboration ’
on 7 Apr 2016; 23.38 UT Astronomer’s Telegram to
immediately alert community
of activity.

High Altitude Water Cherenkov
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Monitoring all gamma-ray sources visible to HAWC every day. April 8, 2016
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Mrk421 Transients
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HAWC limits on GRBs
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Outriggers

- HAWC Sparse Outrigger Array: Enhanced Sensitivity above 10 TeV
- Accurately determine core position for showers off the main
tank array.
- Increase effective area above 10 TeV by 3-4x
- Funded by LANL/Mexico.
- 2500 liter tanks: 1/80th size of HAWC tanks.

.
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Y

High Energy Upgrade: Outrigger Array begins Operation

* Funded by LANL LDRD, Max Planck
Institute in Heidelberg, and CONACyT
in Mexico

* Gives angle and energy reconstruction
for showers that trigger HAWC but
have the core outside the HAWC array

» Expands total effective area by a
factor of ~4 above ~10TeV with the
addition of 350 outrigger tanks

* 100% operational and taking data since
August 2018, but we’re still refining
calibration, reconstruction and
analysis algorithms

« HAWC already detects multiple sources
greater than 100 TeV. Outriggers will
increase this humber of sources and
characterize their spectra.
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Outrigger Data

- I i " -l .. S B
Run 8541, TS 1600070, Evi# 185, CXPE40= 649, RA= 119.9, Dec= 14.7
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Yt HAWC sensitivity with outriggers
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Planned improvements in HAWC reconstruction and analysis
algorithms (which are about to be implemented retroactively

with Pass 5) will increase sensitivity even more.
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The Southern Wide-field Gamma-ray Observatory
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The Southern Wide-field Gamma-ray Observatory



* Southern Gamma-Ray Survey Observatory

" Proposed HAWC-like detector to be located
in the southern hemisphere

> Several candidate sites considered, including
in Argentina, Chile, Bolivia, and Peru

> Latitude of ~24° S optimizes sensitivity to
Galactic sources, especially Galactic Center

Potential S 4 A .
sites 8.\ * Improvements to sensitivity
| > Higher altitude: extend sensitivity to
lower energies (aim for 200—300 GeV)
> Larger detector
* Better gamma/hadron separation
> Better electronics
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The Southern Wide-field Gamma-ray Observatory
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> Significant emission from Galactic Plane, Crab Nebula, Geminga, Mrk 421, Mrk 501

* SGSO would have optimal sensitivity to Galactic Center

* Improvement in sensitivity by ~10x over HAWC would vyield complementarity with CTA similar to present
instruments



» Collaboration established July 2019
* 3 Year development proposal to NSF
* 9 Countries + supporting scientists

Countries in SWGO
Institutes

Argentina“, Brazil,
Czech Republic,
Germany”, Italy,
Mexico, Portugal,
United Kingdom,
United States”

S

The Southern Wide-field Gamma-ray Observatory

Supporting
scientists

Australia, Chile,
France, Japan,
Slovenia

‘also supporting
scienhists
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