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Gamma-Ray Detectors

Wide Field of View, Continuous

Operations TeV Sensitivity
|00 MeV to >100 GeV

|00 GeV to >100 TeV

pointing instrument

<0.1° angular resolution
|0s GeV to |0s TeV

HAWC
Fermi ARGO
AGILE Milagro
EGRET Tibet ASY
HESS
FACT
MAGIC
VERITAS
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Gamma-Ray Detectors

Wide Field of View, Cloriiinuous
Operations TeV Sensitivity

100 GeV to >100 TeV
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<0.1° angular resolution
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« Sensitive from 100 GeV to 100 TeV.

* Angular resolution (68% containment)
0.2-1.0 degrees.

« 2 sr instantaneous field of view, 2/3 of

sky each day.
* >90% duty cycle.



Abeysekara et al.,arXiv 1701.01778
W)C HAWC Sensitivity .
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}W% HAWC TeV Sky Survey

High Altitude Water Cherenkov

it A  Most sensitive wide-field survey in TeV.
Abeysek l., arXiv 1702.02992
eyserara et ab, arAlv + Skymap from 507 days of data taken between Nov 2014 to Jun 2016.
* Point source analysis assuming power-law index of 2.7.
« 39 2HWC sources: 2 blazars, 5 UID off the Galactic plane.
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}WG Gamma-ray view of our Galaxy
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HESS >1TeV, 10 years

HAWC 0.1—100 TeV;
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}(Wf(j Galactic Plane

High Altitude Water Cherenkov
Gamma-Ray Observator

Abeysekara et al., arXiv 1702.02992

within this area (known
» 30 sources in the Galactic Plane (excluding Crab, Geminga, PSR B0656+14) extragalactic excluded):

* |9 likely associated with known TeV sources + 150 3FGL sources
* || unassociated + 56 3FHL sources
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% Galactic Plane Source Distribution

High Altitude Water Cherenkov
Gamma-Ray Observator

Abeysekara et al., arXiv 1702.02992
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% Galactic Plane Source Distribution

High Altitude Water Cherenkov
Gamma-Ray Observator

Abeysekara et al., arXiv 1702.02992

Good candidates for follow-up by pointing instruments.
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}A/WC New TeV Sources!

High Altitude Water Ch enkov
Gamma-Ray Obse

:* New TeV source
| 2HWC J1953+294
| » confirmed by VERITAS, announced in Gammal 6

* potential association:
* PWN DA 495 seen in X-rays
* 3FGL J1951.6+2926

* Joint paper in prep
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High Altitude Water Cherenkov
Gamma-Ray Observatory

Diffuse contributions:

» Cosmic-ray interactions
* molecular clouds
e interstellar gas

* Inverse Compton
 Unresolved sources

Leiden/Argentine/Bonn (LAB) Survey of Galactic HI

Galactic Diffuse Emission

Abdo et al.,Ap), 2008
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}( W Galactic Diffuse — Limit from Pass |

High Altit dW Ch enkov

Abraimowski et ail. 2014
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* A uniform surface brightness fit in addition to source model is preferred at 5.70.

* The fitted surface brightness at 5 TeV is 1.61£0.4e-11 TeV-' cm=2 s-! sr!.
 HESS average diffuse extrapolated to 5TeV is 1.0£0.2e-11 TeV-' cm2 s*! sr-/.
* Current limit from HAWC-I | | dataset includes unresolved sources.
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}K{fc Large-scale structures

e e.g. Fermi Bubbles

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

* Edges line up with X-ray features.
* Correlate with microwave excess (WMAP haze)

* Both hadronic and leptonic model fit Fermi LAT
data. Leptonic model can explain both gamma
ray and microwave excess.
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}K{fc Large-scale structures

thAlttd Wt enkv

e.g. Fermi Bubbles

 Hadronic model:

e cosmic ray interacting with interstellar matter
 hard to explain microwave haze
 Leptonic model:

* electron population produced by outflow from
Galactic center, or reaccelerated inside the

bubble
* First limits in TeV, hard spectrum is highly unlikely.
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Ackermann et al. Ap|] (2014)
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High Altit dW Ch enkov

ma-Ra

C. MICHELLE HUI

Transient Search

online transient analyses
* triggered GRB search: 0.2s — 30min

* external alerts, searching for temporal and spatial coincidence.

* blind GRB-like search:0.2s — [0s
e search entire FOV for burst events.

* rapid flare monitor: 2min — |Ohr
* fast rising flux from known blazars.

* daily maps: ~6hr
* flux in every point in all visible sky.

HAWC RESULTS AND FUTURE DEVELOPMENT

18



}((V@ Transient Search

High Altit dW Ch enkov

ma-Ra

Crab Nebula

* Crab flares, continue up to TeV?
* No activity in radio, IR, and X-rays.

HAWC observation:

* Data is consistent with a constant flux.

* Coincident observation with Fermi-LAT reported
Crab flare starting Jan 7 2016.

* 95% C.L. upper limit on | 3-day average flux above
| TeV is 1.01x average Crab flux.

C. MICHELLE HUI HAWC RESULTS AND FUTURE DEVELOPMENT

MeV-GeV gamma ray

Fermi-LAT: ATEL 8519
gamma-ray flare (E>100MeV)
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}(({f@ Transient Search

High Altitude Water Cherenkov
Gamma-Ray Observatory

AGN Mrk 42|

e Daily flux lightcurve from Nov 2014 to Feb 2016.

* Inconsistent with constant flux at p-value <le-10.

* Large number of high states, year-average flux ~ Crab flux

* Best fit constant flux for this period is ~3x higher than upper

limit on integral baseline flux derived in Tluczykont et al.2010.

Swift:
ATEL 7654
X-ray flare
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}(Wf(j Transient Search

High Altitude Water Cherenkov
Gamma-Ray Observatory

AGN Mrk 42|

* Daily flux lightcurve from Nov 2014 to Feb 2016.

« FACT and HAWC with daily TeV coverage and
complementary observation times.

o HAWC, FACT and SWIFT all show rising fluxes with
highest values on June 9, 2016 (~3 x Crab flux).

o SWIFT observations at 0.3-10 keV:
“Note that higher or comparable X-ray fluxes were
observed only four times so far.”

Swift:
ATEL 7654
X-ray flare
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% Transient Search

High Altitude Water Cherenkov
Gamma-Ray Observatory

AGN Mrk 501

* Daily flux lightcurve from Nov 2014 to Feb 2016.
* Inconsistent with constant flux at p-value <le-10.

HAWC, > 1 TeV

FACT, > 0.75 TeV

http://www.fact-project.org/monitoring, H. Anderhub et al. JINST 8 P6008

Fermi-LAT, 0.1 — 300 GeV

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc

SWIFT-BAT, 15 — 50 keV

http://swift.gsfc.nasa.gov/results/transients, Krimm et al., 2013, ApJSS 209,1
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% Transient Search

High Altitude Water Cherenkov
Gamma-Ray Observatory

AGN Mrk 501

* Daily flux lightcurve from Nov 2014 to Feb 2016.
* Inconsistent with constant flux at p-value <le-10.

HAWC, > 1 TeV

FACT, >0.75

~2 Crab units, elevated flux for ~2 days

Fermi-LAT, O.

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc

SWIFT-BAT, 15 — 50 keV

http://swift.gsfc.nasa.gov/results/transients, Krimm et al., 2013, ApJSS 209,1
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}fﬁ/fé LIGO Follow-up

High Altitude Water Ch enkov
Gamma-Ray Obse

GCN 19156
HAWC FOV
\ Best candidate

p=0.08 post-trial
GW151226: Real-time all-sky GRB search:
e 2015 Dec 26 03:38:53.6 UTC * 4 sliding windows (0.1, I, 10, 100 seconds)
« z=0.09 +0.03 -0.04 * +10s of LIGO trigger
* [4.2Me + 7.5Me =20.8Mo * |5deg within LIGO contours

Best candidate 9.98s after LIGO trigger
* post-trial p-value 0.08, consistent with background
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http://gcn.gsfc.nasa.gov/gcn3/19156.gcn3

}(Wf(f Neutrino Follow-up

High Altitude Water Cherenkov

" Neutrino Follow up - HAWC Limits: 507 days livetime

Best IceCube flux fit from ApJ 833, 1 (2016). Index 2.13

36 neutrino/track

astrophysical candidates 7 =01 V4 :OO]_

from IceCube

GCN Circ. 19361, 19473, 20120, 20250. ATel 7868

Lack of a coincident observation interpretation:

* If local sources, fluxes are weaker than implied by an order of magnitude
* Opaque to gamma rays (and to cosmic rays!)

* High redshift

* Transient source

* Incorrect extrapolation to lower energies

C. MICHELLE HUI HAWC RESULTS AND FUTURE DEVELOPMENT
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}(Wf Galactic Origin of lceCube Neutrinos?

High Altitude Water Cherenkov
Gamma-Ray Observatory

* Integrated all emission in 19 regions

(5°x6°) along Galactic plane
(~47% of Galactic plane coverage)

e Caveats:
* Simple model for photon/neutrino
flux connection

* Extrapolation to HAWC energies

* Assumed hadronic emission
(unlikely best-case scenario)

e Galactic center and half of Galactic
plane are not observed

HAWC Galactic plane emission accounts for ~2.5% of lceCube flux
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High Altit dW Ch enkov

Possible explanations

* Heliospheric interactions

* Non-diffusive propagaion

* Turbulence in Galactic magnetic field
— doesn’t explain region A hardening

* Exotic scenarios — new particles?

* Non-uniform pitch angle diffusion

HAWC observation

* |80 days

* |0° smoothing

* Region A — hardening spectrum, 4.30 effect.
* Region B — most extended.

* Region C — confirm ARGO-YB| observation.
* Ongoing work on joint analysis with IceCube.

Cosmic-Ray Anisotropy

1 — Tibet-AS ¥ 2005

2 — Milagro 2008, 2009

3 — ARGO-YBJ 2009, 2013

4 — |ceCube 2010, 2011, 2012

active

5 -HAWC 2014

active

C. MICHELLE HUI HAWC RESULTS AND FUTURE DEVELOPMENT
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}(WC Cosmic-Ray Anisotropy

High Altit dW Ch enkov

ma-Ra

Possible explanations
* Heliospheric interactions
* Non-diffusive propagaion
* Turbulence in Galactic magnetic field
— doesn’t explain region A hardening HAWC - 2 TeV
* Exotic scenarios — new particles?
* Non-uniform pitch angle diffusion

HAWC observation

* |80 days

* 10" smoothing Abeysekara et al. Ap) 796,2014
* Region A — hardening spectrum, 4.30 effect.

* Region B — most extended.

* Region C — confirm ARGO-YB| observation.

* Ongoing work on joint analysis with IceCube.
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}A/Wfé Multi-wavelength / Multi-messenger

High Altitude Water Ch renkov
Gamma-Ray Obser

Have follow-up

agreement with:

* Swift
° Fermi
* |[ACTs
* FACT
* HESS
* MAGIC
 VERITAS
- AMON
* |[ceCube
 ANTARES
* LIGO/VIRGO

C. MICHELLE HUI

HAWC-triggered:
* New source candidates lists.
* follow-up observations by IACTs such as VERITAS and

MAGIC from Pass | release.
HAWC ATel #8922
on Mrk 501 flare

* Flares from known gamma-ray sources.
lceCube ATel #7856

HAWC Follow-up
ATel #7868

FACT/HAWC/
Swift ATel #9137
on Mrk 421 flare

Externally triggered:

* lceCube alert on high confidence neutrino event
(highest energy pointed astrophysical track-like).

* Fermi alerts on flaring activities.

lceCube GCN #20119
HAWC Follow-up
GCN #20120

« LIGO/VIRGO gravitational wave event follow-up
HAWC GRB Follow-up GCN #19423
HAWC LIGO Follow-up GCN #19156

HAWC RESULTS AND FUTURE DEVELOPMENT 26
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High Altitude Water Ch renkov
Gamma-Ray Obser

C. MICHELLE HUI

HAWC Outrigger

* 350 small WCD outrigger detectors.
* Cover an area 4x HAWC.

* Sensitivity increase by 3-4x the sensitivity at 50 TeV.

* Deployment in progress.

HAWC RESULTS AND FUTURE DEVELOPMENT
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* HAWC is surveying and monitoring the gamma-ray sky,
agreement with many instruments ready for follow-up.

* Many instruments from different waveband/messenger
(X-rays, neutrinos, gravitational waves) available for
simultaneous observation.
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BACKUP
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High Altitude Water Cherenkov
Gamma-Ray Observatory

hadronic event

Gamma/Hadron Separation

- PINC LDF Average
= SFCF Fit

I Qeff
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Dist PMT to Reconstructed Core [m]
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High Altitude Water Cherenkov
Gamma-Ray Observatory

hadronic event

Gamma/Hadron Separation
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% Angular Resolution

High Altitude Water Cherenkov

Gamma-Ray Observatory
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% HAWC Sensitivity
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