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TeV Astronomy Origins: Victor Hess

-Observed ionizing radiation increasing as
function of altitude in balloon flights

-Discovery of Cosmic Rays! 1936 Nobel Prize
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Fermi-LAT: 2013
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-W44 and IC 443 are middle aged SNRs interacting with MCs and

are special cases
-Clearly SNRs are contributors to CR population
-Is this it?2 What other sources are out there?
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The Gamma-ray Sky
¢. 2000

+90°

—

CGRO/EGRET
<1 GeV +180

6 AGN + 1 Pulsar Wind Nebula (Crab)
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The TeV Gamma-ray Sky

Source Types
. PWN

. XRB PSR Gamma BIN

. HBL IBL FRI FSRQ LBL
AGN (unknown type)

. Shell SNR/Molec. Cloud

. Starburst

. DARK UNID Other

. uQu'asar Star Forming
Region Globular Cluster

Cat. Var. Massive Star
Cluster BIN WR

150 TeV sources: radio galaxies, X-ray
binaries, SNRs, starburst galaxies, UIDS.......
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In-depth
observation and
&cience phase

Current Generation of
experiments has provided
a rapid growth in source
atalog, now entering long

term science phase
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Gamma-
ray

Particle
shower

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE
(IACT) ARRAY

~10 km

Telescopes on ground capture brief
(~ 6ns)
pulses of UV light from gamma-ray
induced
air showers.
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IMAGING ATMOSPHERIC

o CHERENKOV TELESCOPE
, (IACT) ARRAY

Particle  § e i) i

shower % \

Pixelated cameras capture
entire
development of air shower
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/ Gamma photon

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE
(IACT) ARRAY

.Cherenkov shower

Multiple telescope imaging of the
same air shower allows for very
accurate reconstruction of original
gamma ray’s trajectory.

Typical showers result in Cherenkov
light pool of diameter 120m. Since
telescopes need only sample part of
the pool, effective area of ground

based TeV observatories
>10° m?l
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Current TeV Experiments

(50-5000 GeV)
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Current TeV Experiments

(50-5000 GeV)
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Current TeV Experiments

(50-5000 GeV)
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Current TeV Experiments

(50-5000 GeV)

LS

bna) 4x12m Telescopes




- VERITAS

The Very Energetic Radiation
Imaging Telescope Array System
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VERITAS Camera/TrlggerUpgrade

¢ Upgra
¢ Pre-Upgrade

- » a0 QHQQH'".-*'-‘._
Wt s
. . A
-
Oa

o
N
effective area [m2

observation time [h]

L.l l Ll l Ll
1 -1. -1 -0 . 1 15
flux [Crab Units] log_ energy [TeV]

Higher QE PMTs/faster event trigger has
resulted in larger collecting area, greater CR

Energy range: 85 GeV- 30 TeV
Energy resolufion: 15% at 1 TeV rejection
Angular resolution: <0.1 deg af 1 TeV, 0.14 deg at 200 GeV

Point source sensifivity: 1% Crab in ~ 25h, 10% in <30 min
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VERITAS Camera/TriggerUpgrade

Significance Map (smoothed)
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Energy resolufion: 15% at 1 TeV rejection

Angular resolution: <0.1 deg at 1 TeV, 0.14 deg at 200 GeV

Point source sensitivity: 1% Crabin ~ 25h, 10% in <30 min




VHE Particle Accelerators

Pulsars Particle Acceleration
EMax ~ B*L

Gamma-ray Bursts

X-Ray Binaries

Supernova
Remnants

I
I
15 20

Log(L) (cm)
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VHE Particle Accelerators

VERITAS TeV

Sources:
' amma ray Bursts Also CR

@ sources"
. . ebulae

yRadio Galax“
& jets

| Galaxy Clusters

Supernova
Remnants
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Evidence for CR Acceleration in
VERITAS TeV Sources

Starburst Galaxy M82
 Opiigsl

-

High Star Formation -> High SNR Rate
emission
High Gas Density >150 cm?

~~~~~~~~~

No strong AGN or jet evidence




Starburst Galaxy M82

VERITAS: M82

4 VERITAS 2009
Blom et al. 1999
Persic et al. 2008
de Cea et al. 2009
Best-fit Power Law

* LAT Data

Declination [ Degrees ]
<

VERITAS

Fermi-LAT

E? dN/dE (MeV cm?s )
o

Acciari et al, Nature, 462, 2009

(Highly) Plausible explanation for TeV:
SNe shocks accelerate CRs, CRs+Gas->[]%->y

Detection by TeV telescopes seems to reinforce hypothesis

o
that CRs are created in SNe



Tycho Supernova Remnant

Berezhko et al. (2013)
_ Zhang et al. {2013)

Morlino & Capricli {2012)

Atoyan & Dermer (2012)
e Farmi {Giordano et al. (2012))
w—— JERITAS (Acciari et al. (2011))

DEC (degrees)

dF/dE (eV cm™?s™)

EZ
—
o

P /'

oAladronic

RA (degrees) 107 | . e 5 |
10 10° 10" 10" 10 10" 10" 10"
Energy (eV)

Excess counts

-VERITAS detection of Tycho SNR: Young, Type-la SNR
-Possible interaction with Molecular Cloud
-Spectrum favors hadronic models
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VERITAS Observations 2010-2013

Large Zenith angle for VERITAS gives superior
exposure at higher energies, probing higher
energy end of CR sea

10

Galactic latitude

Significance
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VERITAS Observations 2010-2013

Large Zenith angle for VERITAS gives superior
exposure at higher energies, probing higher
energy end of CR sea

=SS >300 GeV

G 0.9+0.1

Significance

TFETTHE:
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/White: VERITAS significance
Green: NANTEN CO Line Contours
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VERITAS >2 TeV_ir_eices CO emission reasonably well

Work in progress to extract true diffuse component
ot ’

Fermi-LAT
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an IACTs (alone) say muc
more about CRs?

Berezhko et al. (2013)

Zhang et al. {2013) VERITAS 2009

Morlino & Caprioli {2012) g‘lgrsf;cc; tala.| 1 ggga

Atoyan & Dermer (2012) de Cea et al. 2009
i Farmi (Giordano et al. (2012)) ) Best-fit Power Law

— VERITAS (Acciari et al. (2011)) LAT Data

E? dF/dE (eV cm?s™)
o
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Can IACTs (alone) say much
more about CRs?

e RX 1713 7-3946
® Cas A

—
o
N
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E‘dN/dE (eV’ cm
S 5
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Water Cherenkov Detectors:

-Detect Cherenkov Emission from air shower secondaries in H20
-Loss of quality angular resolution (vs IACTs) compensated for
by enhanced sensitivity at higher energy, = 100% duty cycle

2nd Generation: HAWC

1st Generation: Milagro

- < -~
. < B - Y. . 2
E < P s > sy
— ‘ r —“T < .
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MILAGRO
(Los Alamos, New Mexico, USA)
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~5000 m%, 20cm PMTs in 2 layers
Operated full time from 2001-2008 with sensitivity
from ~ 1-100 TeV
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MILAGRO
(Los Alumos, New Mexico, USA)

. . o O
Significance
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Milagro revealed many regions of multi-TeV emission: many extended
sources not previously seen by IACTs, followed by a landslide of
successtul followup observations with VERITAS
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MILAGRO /VERITAS Sources

MGRO J2019+307

.sMilagro O Brightest reported TeV diffuse _
‘8 E ~20TeV source in the Galaxy, 80% C.U.‘_
Located towards Cyg OB1

b
-

Milagro Coll. ApJ 91L:664 (2007)
- association with pulsar

Paredes et al. A&A 507:241 (2009)
Zabalza & Paredes AICP (2010)

- association with HII region -

~ 37.000

© 36.000

Bednarek, MNRAS 382:367 (2007)
- association with Ber87,

young cluster in Cyg OB1

E. Aliu 2012

308.000 306.000 304.000 302.000
; | ; ; ; | ; ; ; | : : : | :

35000

-1 0.68 2.4 4.2 5.9 7.6 9.4 11 13 l

‘ Known SNR, PWNe ‘ HII regions O Young clusters Cyg
O 2FGL sources * Hard X-ray transient . WR binaries
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MILAGRO /VERITAS Sources

MGRO J2019+307

VERITAS > 600 GeV 1C 4008 High Angular
® Resolution VERITAS
observations reveal
® e~ g complicated network

of TeV emission

N ‘

2FGL J2

VER J2016+371: point
source, consistent
with CTB 87 (PWN)

A

>

4

PSH ¢

VER J2019+368:
i@ extended emission,

2FGL J2018.653626 possibly multiple

sources covering ~1

306.000 305.000 304.500 304.000 deg
Right ascension

-1
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® VER J2019+368

O  CTB 87 (VER J2016+371)

Energy (TeV)

PSR JRIRRS-SG51/
2FGL J2027 .0+3681

N 36.800

306.000 305.000 304.500 304.000
Right ascension

el ERITAS Sources

J2019+307

IC 4996

High Angular
Resolution VERITAS
observations reveal

complicated network
of TeV emission

VER J2016+371: point
source, consistent
with CTB 87 (PWN)

VER J2019+368:
extended emission,
possibly multiple
sources covering ~1
deg
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MGRO J2019+307

Q CGPS 408 MHz
VERITAS > 600 GeV

Aliu et al, accepted in Apd, 2014
10 arcmin ’
- »

E. Aliu et al. (in preparation, 2013)

VERITAS >600 GeV emission appears to trace radio emission
relatively well. Interactions with Hll region possibly significant.
50% of emission possibly powered by PSR/WR141 in NW corner.
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MILAGRO /VERITAS Sources

MGRO J2228+61

Milagro
E~ 20 TeV

' aoll

A

Milagro Coll. ApJ 91L:664 (2007) _
- association with pulsar .

3
. Largest Milagro d .
-8 source, extent 3.5 deg E Aliu 2012 -

_ —
3 B 5 6

MGRO data indicates possible relation to either PWN
shock or MC interaction




MILAGRO /VERITAS Sources

MGRO J2226+61

Mulagro
E ~ 20 TeV

il

Milagro Coll. ApJ 91L:664 (2007) -
- association with pulsar :

Kothes et al. ApJ 560:236 (2001) -

- association of pulsarand .
Boomerang PWN with large scale
SNR G106.3+2.7

Declination (deg)

VERITAS Coll. ApJ 6L:703 (2009}
- association with molecular -
cloud ?

22"32™ 22h3Q™ 22"28™ 22"26™ 22"24™
Right Ascension (hours)

High-Res VERITAS observations reveal emission
highly correlated with MC Possible
hadronic CR acceleration site.
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MILAGRO /VERITAS Sources

Other Examples: PWN powered sources

No strong radio or CO
line emission coincident
with TeV. Probable PWN

powered system

(N

il

-1

~1.5

Milagro Contour

41.5 41.0 40.5

39.

MSX 8um survey
VERITAS = white line
Milagro = Black line

TeV emission
uncorrelated
with longer
wavelengths. st § e oA S
Probable PWN S8 s
association < o #,
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MILAGRO and VERITAS

sMilagro Brightest reported TeV diffuse | - Milagrb
=l source in the Galaxy, 80% C.U.-[ -&
\mE 20 TeV 18° - 2.50 S E"’20T v
. Located towards Cyg OB1 - ;
.0

o
o~ Milagro Coll. Ap) 91L:664 (2007) .
| - association with pulsar

Paredes et al. A&A 507:241 (2009)

o

3 61. '
Zabalza & Paredes AICP (2010) T Milagro Coll. ApJ 91L:664 (2007) -

- association with HII region 2 61, - association with pulsar
1 E ]
Bednarek, MNRAS 382:367 (2007) | [ Kothes et al. ApJ 560:236 (2001) -
- association with Ber87, (=] - association of pulsarand .
young cluster in Cyg OB1 Boomerang PWN with large scale
SNR G106.3+2.7 J

VERITAS Coll. ApJ 6L:703 (2009)-
- association with molecular -
cloud ?

22"32™ 22"30™ 22"2g™ 22"26™ 22"24™
Right Ascension (hours)

Milagro wide field of view, combined with large duty cycle served as
excellent pathfinder for large extended sources for VERITAS to resolve.

Next step: Upgraded VERITAS and The High Altitude Water Cherenkov
Observatory
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High Altitude Water Cherenkov
Gamma-Ray Observatory

The High Altitude Water Cherenkov Observatory

* 300 large water tanks >5x # of detectable shower particles relative to Milagro
* 4100m as| Hadron rejection area and shower sampling

* 22,000 m? area 10x Larger muon detection area

* 4 PMTs per tank 4x Larger dense sampling region

* 4m water above PMTs Improved Angular & Energy Resolution

* 15 x more sensitive than Milagro

Air shower particle
(e.g., GeV muon)
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High Altitude Water Cherenkov
Gamma-Ray Observatory

The High Altitude Water Cherenkov Observatory

Gamma Ray Cosmic Ray

y [meter]

x [meter] x [meter)
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HAWC and VERITAS

Differential Sensitivity per Quarter Decade

. HAWC-100 1 yr

Fermi 5 yr

VERITAS 50 hr

0.01 x Crab

" HAWC 300, 5yr

10 photons
1 yr(5yr)

[
O vy
—

Energy [GeV]
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HAWC and VERITAS

Differential Sensitivity per Quarter Decade

Key region for
differentiating
1adronic/leptonic

. HAWC-100 1 yr

Fermi 5 yr

VERITAS 50 hr

0.01 xCrab

10 photons
1 yr(5yr)

[
O vy
—

Energy [GeV]




HAWC and VERITAS Will View

Nearly Identical Regions of Sky
VERITAS HAWC

| 5% Cral «~- 459 transit

HAWC-300 1-vear sensitivity F(>2 TeV) lcm “ s ']
MOU ulreudy ill EI(ICE fOI‘ ¢ommuni¢uiion 0"
[ — ]




HAWC Still In Commissioning Phase

-Subarray already producing detections
95/111 tanks

Mrk 421

Crab in Markarian 421 in HAWC-95/111 06/13/2013-09/12/2013 Markarian 501 in HAWC-95/111 06/13/2013-09/12/2013

al”)

-5.0 =-2.5 0.0 2.5 5.0 7.5 10.0 125 50 =25 00 25 50 7.5 -5.0 =25 0.0 25 50 7.5
significance [o] significance [¢] significance [¢o]

-Full 300 tank operations by Fall 2014
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Milagro Galactic Plane

15
10

@
O
c
©
9
.
=
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o O,

~ 1 month of full {300 Tank

HAWC Array projecied to

reproduce all of Milagro data
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HAWC 95/111 Preliminary 3 Month SkyMap
HAWC-95/111 SKY 06/13/2013-09/12/2013

-
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HAWC 95 CR Anisotropy

HAWC95 Small Scale Anisotropy

1 0 1
significance [o]
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HAWC 95 CR Anlsotropy

HAWULYD blllall DC&IC AI]ISOU O])\

0 1
significance [¢]

M

il Milagro S
, - NN
5

o IceCube
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HAWC 95 CR Anisotropy

360

significance ]

ARGO Anisotropy (Di Sciascio, 2012)

Cygnus region =2
prdinc. \ NS
r\\\\ \\ ‘\ " \\ /] ReL;n5 RZ,/

l J
Argo new Structures”?

08I -
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(] % © :

HAWC-95/111 SKY 06/13/2013-09/12/2013 Gummus

-
-~

-

180

“IA

3 \
| c
HAWC95 Small Scale Anisotropy
B i R
~ Prelimir

[ 1 1 I

5 2.5 0 2.5 5 7.5

Significance [o]

significance [o]
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summary

Galactic latitude

Significance

CGPS 408 MHz

VERITAS > 600 GeV

Upgraded VERITAS will continue fo provide
valuable insights into hoth potential point
sources of CRs as well as the “sea” diffuse
components in the most active parts of the k

gﬂ |GXY. |-|| regon

10 arcmin
, E. Aliu et al. (in preparation, 2013)

ha—
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Summary

.sMilagro o Brightest reported TeV diffuse _ - ; - Mil ag rb
NS) . . N
"@E ~20 TeV source in the Galaxy, 80% C.U. ] © —
. Located towards Cyg OB1 ! E ~20 TeV
o
o
L=} -
LT Milagro Coll. ApJ 91L:664 (2007)
L - association with pulsar
Paredes et al. A&A 507:241 (2009) g _
Zabalza & Paredes AICP (2010) <
. A, . al p Milagro Coll. ApJ 91L:664 (2007) -
R 1 rogion ) 2 - association with pulsar
R e - ?§ Kothes et al. ApJ 560:236 (2001) .
young cluster in Cyg OB’ 1 =) - association of pulsarand .
Boomerang PWN with large scale
7 SNR G106.3+2.7
JUEEE VERITAS Coll. ApJ 6L:703 (2009)-
- association with molecular -
cloud ?
9.4 11 13
HII 1 gions O Young clusters Cyg
Ha i X-ray transient . WR binaries

22"32™ 22"30™ 22"128"™ 22"2g™ 22"24™
Right Ascension (hours)

-
o

Berezhko et al. (2013)
— Zhang et al. (2013)
Morlino & Capricli {2012)
Atoyan & Dermer (2012)
. l : w—t—— Farmi {Giordano et al. (2012))
ot ‘,. a( : m— JERITAS (Acciari et al. (2011))
TR

(eVecm?s)

Success of combining Milagro-and VERITAS data
already demonstrated: multiple overlapping
sources revealing complicated networks of

emission. With HAWC this will only improve os JRta
well as allowing for combined spectra will allow [ :
for distinction between emission models o 0 ey )
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