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Outline

» Science Highlights
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* Fermi-HAWC Synergies

e The Future
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Graphic from Fermi Science Playoffs https:/ /tfermi.gstc.nasa.gov/fermil0/brackets/
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TeV Halos

Some HAWC Highlights

2HWC Catalog Monitoring of TeV sky

Moon, Sun Shadow (Northern) Fermi Bubble

Comin g Soon: >100 TeV s ky https://www.hawc-observatory.org/publications/



Some HAWC Highlights

2HWC Catalog Monitoring of TeV sky

See Hao Zhou's talk from Monday “Discovery of TeV ;
Gamma-Ray Emission from the Jet Interaction - | T
Regions of Microquasar SS 433 with HAWC”
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TeV Halos Moon, Sun Shadow (Northern) Fermi Bubble
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Common Strengths

Continuous Operations
Wide Field-of-View

MeV GeV TeV
P (.

A

= A A
\\\\ .;‘ \\ \

—
WY
A0

100 MeV—100 TeV sky with nearly continuous coverage starting in 2014

Six Decades in Energy!

Giacomo Principe’s talk from Monday “The First
Catalog of Fermi-LAT sources below 100 MeV”

— e

° New Developments: LAT Low Energy Catalog, HAWC >100 TeV sky




Fermi-HAWC Synergies
The Cygnus Region

Cygnus Cocoon

Acceleration in Star-Forming Regions
Seems to be power law up to tens of TeV!

10710,

—
)
I
—_
—_

Galactic Longitude 3FHL Catalog

—
)
I
—
N

E~2 dN/(dE dA dt) [TeV/(cm2 s)]

| —— TeV cocoon spectrum with HAWC
| —— Gamma-Ray spectrum with Fermi-LAT and HAWC data
¢ GeV cocoon with Fermi-LAT (Ackermann et al., 2011)

10-3 1072 1071 10° 101 102

Energy [TeV]

See Binita Hona's poster, “Particle Acceleration by a Star Forming Region in

the Cygnus Constellation with HAWC and Fermi-LAT”




Fermi-HAWC Synergies
The Cygnus Region

2HWC J1953+294 / DA 495
Discovered by HAWC at TeV
Followup by VERITAS & Fermi-LAT
Associated with 3FGL J1951.6+2926

Previously observed PWN at this location in
Radio & X-ray

No pulsations detected from Radio—y-rays!

Could this be an example of an misaligned pulsar?

1* ) S |
- | . X N0 X, . X X | X
| oL 0% (3> 20 A0 O
1 1 T T 1 | ! 1 T !

84 82 80 78 76 74 72 70 68 66 64
I1°]

Park, N., VERITAS Collaboration, FFermi-Lat Collaboration, HAWC8 Collaboration 2017, International Cosmic Ray Conference, 35, 696



Fermi-HAWC Synergies

Geminga & The Positron Excess

Abeysekara, A. U., et al (2017).

A
Geminga
Nearby Pulsars may explain positron excess o
HAWC results called this into question S ) .
? PSR B0656+14 -
One/Two Zone model — More observations needed §
“Can pulsars explain the observed positron excess?”
One: difficult
Two: maybe 109 104R'A. dea] 99

1
-4 -3 -2 -1 O 1 2 3 4 5
Significance [sigmas]

See Andy Smiths talk from Tuesday
“Observation of Extended PWNe with HAWC”

—

9 e



Fermi-HAWC Synergies

Geminga & TeV Halos
TeV Halos

Extended Emission around Geminga and Monogem
Pulsars seem to be a prototype for a new class of objects 10% T T T

There seems to be more of these objects....
(ATels 10941, 12013), Linden et al 2017

HAWC result inspired new efforts using Fermi-LAT
Can we understand this together?

Wide FoV instruments can do this kind of analysis. — 10 pe

Kraichnan

Radii of Geminga halo ~5°, too big for IACTs o o =32

1026 I | | | |
0 o0 100 150 200 250 300

If we can understand/define characteristics of this source t [kyr
class, we may be able to identity misaligned pulsars

See Andy Smiths talk from Tuesday
“Observation of Extended PWNe with HAWC”
Requires two zone model interpretation 10 — —
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Sun is most bright at high energies during solar minimum, HAWC observations agree with that (so far)

10~

— o —_
N N N

Energy Flux [ TeVem 2 s ! ]

—_
T

Fermi-HAWC Synergies

Sun Observations

How does the Sun’s y-ray emission vary with time?
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Credit: Mehr Un Nisa, arXiv:1808.05620



Fermi-HAWC Synergies
Dark Matter

Sun Observations

Fermi & HAWC constrains the spin-dependent dark matter-proton scattering cross section!
We can probe Dark Matter masses from 4 GeV to 1 PeV.

10—37

IIIII| 1 1 IIIIII| 1 1 I 1T 1111 1 1 I 1T 1111 1 1 IIIIII| 'I"IIIIII:
PICO-60 2017 ‘ 2
10—38 /'
\ ’¢' B
—39[ /' 7
10 E IceCube , ) E
V4 ,' ’¢' _
10_40:_ "l"’¢' "'é -
PRGNS :
Q B ':O' "¢' -
— i ;& . L 4 p “/
10~43 L HAWC vy — 47 _
; me===22%"" /'n' X =
. "o' —————— ,f L 3 -
N T A R 2 7" -
—44 TRl RV
10 = Fermi-LAT wes?le’ CLQXD o Z
- T, . P & Y 4 -
L Y X ¢ P -
- ,' 6 "s
10 49 — Lo’ ,V\)P» . '/ HAWC Yy — 4~ 4
Fecemmm=m =" ==- <> n 7 . . . ]
o | *ele‘ oV | Credit: Mehr Un Nisa, arXiy:1808.05624
10_ 1. 1 111 ] ] IIIIII"-’I ] ] 1 1111 ] ] ] 1 1111 ] ] ] 1 1111 ] ] ] 1 1111
101 102 10° 104 10° 10°
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Fermi-HAWC Synergies
Dark Matter

Wide FoV enables Verification
If we see Dark Matter in X location, it should also be in location Y at the same mass.

Between HAWC and Fermi, we can probe Dark Matter masses from 2 GeV to >100 TeV.

g

10'2"E
1072 =————m . — mode\s
. = 4-year Pass 7 Limit a“.e\'
10—22 | — 6-year Pass 8 Limit d d daf\( m =
- —-  Median Expected u e \
- | 68% Containment GXG\ s
~ 10 95% Containment
0 > il
" —24 s
2 10 N\/\G\C o e
=10~ e
> -
.3 RATE % = HAWC Combined
1% gl | | ;
™ Fermi-LAT Dwarf Galaxy (Combined) | ]
__________ e ’\/P\T Veritas Seguel 4
10~ 3 e i 4?6““\ HESS Dwarf Galaxy (Stacked)
- 10* | Al(l)Q - 163 , A it -:_- = %eguel : P————m
1 2
DM Mass (GeV/c?) -0 19

M, [TeV] Credit: Andrea Albert
Dwarf Galaxy Limits



Fermi-HAWC S

| orentz Invariance

Many tests of many models

Vacuum Photon Decay -

1()24-

Beyond an energy E,, decay into e= pairs is likely

E M)

LIV > E}’

HAWC analysis can also investigate

dispersion relations

At

2 2
ES — 4my,

1/n

9)
4m

n

AE

Eppy

Brisbois C., Nemrioft R.]J., LAT Pass 8 Constraints on Lorentz Invariance Violations with 14

GRB090510A, Fermi Symposium 2015

yner Ies
lolation

— —. 200TeV g(1) 21
~25% Epv,nawc > 3.4 X 107 GeV
.. 100TeV g(1) 20
~25% = EpLiv, nawc > 4.2 X 1077 GeV
,,,,, 60 TeV (1) 19
60, Tev E() | awe > 9.1 X 10'° GeV
PD HAWC
|
|
PD HEGRA'1 , '
.............................. '
PR R e e A ] | |
GRB HAWC’15 PD HESS’17 { > I
. 3
HESS'11 I :
i |
VERITAS'13 ! :
Pulsar HAWC'15 I :
. |
Excluded | :
Region : ,
|
' !
|
L |
011 1012 1013 1014 1015
E, [eV]

Martinez-Huerta,

H., et al, 2017, ICRC, 35, 868



Fermi-HAWC Synergies

Very Extended Sources

Nearly unbiased exposure enables extended studies

Examinations of large fractions of the sky difficult with pointed instruments.
Characterizing large angular scale emission is a challenge
Unresolved sources, Galactic Diffuse Emission, Mismodeled emission from known sources

107° -
—
IL
N
T
n
D
5
_7 .
S 10
GJ
O \\
L
O
=
O Hadronic Model1l @~ —— HAWC UL 95% \\
L | Hadronic Model 2  —— IceCube Hadronic Model
—— Leptonic Model 1 ® Fermi 2014 Ap) 793
--- Leptonic Model 2
1078

I P I R I R | P I IR I R
1071 10° 10! 10° 10° 104 10°

15E [GeV] Abeysekara, et al. 2017, Ap], 842, 85



Fermi-HAWC Synergies

Unified Software Framework

3ML: Multi-Mission Maximum Likelihood
Single Framework in Python to unify analysis
from different instruments.

Only a few analyses use both Fermi & HAWC

data so far.

A Combined analysis gives greater insight!
Currently quite a few plugins, but others are
welcome!

https://github.com/giacomov/3ML

|

TeV
cm?s

|

dN
dEdAdt

10111

10—13

HAWC Preliminary

W, = (2.6 +0.1) - 10%%erg - 17— - (

Joint fit, y,=-2.16+0.04,

p

—

d

1.5kpc

EP =30+10 TeV

cut

| —— Joint fit, y\!' = —2.17 +0.03, y

p

(2) —

—— HAWC 1017 days, disk, y= —3.0+0.2

O
T
®
®
—

)

—3.8%9%, Ep=12+6 TeV
| —— LAT 10 years, disk + hotspot, y= —2.06 = 0.02

R

R

o

Energy [TeV]

100

10!

See Henrike Fleischhack’s talk: "HAWC's View on Supernova Remnants"

—
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https://fermi.gsfc.nasa.gov/science/mtgs/symposia/2018/program/149/

Fermi-HAWC Synergies
Monitoring the y-ray sky

Time-Domain Astronomy

log(Frequency [Hz])

Fermi & HAWC see most of the sky constantly ———— 7 3 2%
° ° . . ° . 0—10__
Periodicity? Other Time variation? i ; gass! ! -
A
[ ] ’—10—11 T
Multi-Messenger Astronomy : 1 ;
7 i
Coincidence between Neutrinos, Gravitational ¢ x *]L\ i
£ 1012 %Oéoo .
Waves, and y-rays clarify physical models of n
extreme astrophysical environments S IceCube Collaboration, et al. (2018).
: '] Science (New York, N.Y.), 361(6398) ]
' A o SiRINOT b FamilAT . — wweq)
° e OVRO &  ASAS-SN AGILE —— Neutrino - 0.5yr |
Transient y-rays S e s T
Trigger from Fermi/HAWC will cause other A vy e S

instruments at other wavelengths to observe that
region of the sky (9 ATels reporting Transients)

17



The Future

Fermi & HAWC are great instruments, ready to bring new insights from
simultaneous observations of the whole y-ray sky!

Tools such as 3ML will enable simultaneous fitting of sources across many

Instruments
log(Frequency [Hz])

EIB 110 1|2 1|4 1|6 1|8 2|O 212 2|4 216 218 _ 3|O
10-10 - = -I- _
&A +H+++  —
10 ]L i E

What if we could make this plot for the next 5 " *J[\ D

: : : : 510! L' '
Gravitational Wave/Neutrino detection? "

Nz Lot ) IceCGube Collaboration, et al. (2018). ]
: Science (New York, N.Y.), 361(6398)
Fermi/HAWC almost entirely bridges the s D T o
gap between X-rays and neutrinos! oo o A -

e
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Fermi-HAWC Synergies
The Cygnus Region




Fermi-HAWC Synergies
The Cygnus Region




Fermi-HAWC Synergies
Dark Matter

Wide FoV, Continuous uptime enables trivial coincidence

observations

If we see Dark Matter in annihilating/decaying somewhere, we should
see it elsewhere. e.g. Galactic Center vs M31

-18 33
10718, S 1033
[ — HAWC M31 032 m— HAWC M31
10_19 :— = HAWC Gal. Halo Einasto 10 | == HAWC Gal. Halo Einasto
: = HAWC Combined 15 dSph 31 [|= HAWC Combined dSph
10_20 i - = VERITAS Combined 5 dSph 10 - Fermi LAT Isotropic
Ty i HESS GC Einasto - 30 ||- - VERITAS Segue |
m\ 10'21 i - - Fermi LAT Combined 15 dSph¢ 10 ‘| = =  Fermi LAT Combined dSph
E f . MAGIC 160 hrs Seqgue | ] 20 [|- -+ IceCube(2018)
| = -_
V 124 ] |
1074 | 10°° |
: Thermal, un-enhanced T i
1026 b — 1024
10° 10 10 10 10

mX[GGW Credit: Andrea Albert mx[Gew Credit: Andrea Albert

7T Annihilation upper limit 23 7t Decay lifetime lower limit



Fermi-HAWC Synergies
Very Extended Sources

Nearly unbiased exposure enables extended studies
Mismodeled emission from known sources

10‘6_

. . ! X8

r ° o

|_|l | P \\ | !

n i

3 A

5

-7 _ | A
% 10 . \\
— \

O \

[ ] \
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e, _ \ \

E \

O N - Hadronic Model 1 —— HAWC UL 95% |

Tu | Hadronic Model 2 —— |ceCube Hadronic Model )
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Fermi-HAWC Synergies
Very Extended Sources

Nearly unbiased exposure enables extended studies
Mismodeled emission from known sources

Extended Emission — Diffuse Emission

ICRC2017, Contrib. [436] [GA251] Probing Galactic Diffuse TeV
Gamma-Ray Emission with the HAWC Observatory — Hao Zhou, LANL

—— GALPROP: IC +
GALPROP: Pion Decay 2 b 2

L0 —— GALPROP: Total < <

¢ Total

— ® 2HWC Subtracted

+ { Slide Credit: Petra Huentemeyer

100 80
Gd25ic Longitude [deg]



Y offset [pc]

I
U
O

—100

Fermi-HAWC Synergies
Geminga & The Positron Excess

1 Zone
arth
Geminga
A0
| O (,/a(‘
e
L N/ N\ X o™ S
‘ égﬁ\ : | |
e 100 GeV e*
N §
" PSR B0656+14 \ OV
R T e e 100 TeV e*
~300 ~250 ~200 ~150 ~100 ~50 0

X offset [pc] Abeysekara, A. U, et al (2017).
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Y offset [pc]

Fermi-HAWC Synergies

Geminga & The Positron Excess
2 Zone

................................................

...............................................

e 100 GeV et

e 100 TeV e~

—300 —250 —200 —150 —100 —50 0

X offset [pc] Abeysekara, A. U,, et al (2017).
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Fermi-HAWC Synergies
TeV Halos Prediction

Spin-down luminosity Spin-down flux

ATNF name Dec. (°) Distance (kpc) Age (kyr) (ergs™!) (erg s~ kpc™?) 2HWC
JO633+1746 17.77 0.25 342 3.2e34 4.1e34 2HWC JO631+169
B0656+14 14.23 0.29 [11] 3.8e34 3.6e34 2HWC JO700+143
B1951+32 32.87 3.00 107 3.7e36 3.3e34 xE
J1740+1000 10.00 [.23 114 2.3e35 [.2e34 xE
J1913+1011 10.18 4.61 169 2.9e36 1.1e34 2HWC J1912+099
J1831-0952 —9.86 3.68 128 [.1e36 6.4e33 2HWC J1831-098
J2032+4127 41.45 .70 181 [.7e35 4.7e33 2HWC J2031+415
B1822-09 —9.58 0.30 232 4.6e33 4.1e33 -
B1830-08 —8.45 4.50 147 5.8€35 2.3e33

J1913+0904 9.07 3.00 147 [.6€35 |.4e33

B0540+23

ATel #10941 & #12013

Table 3 from Linden, I, et al (2017). Using HAWUC to discover invisible pulsars. Physical Review D, 96(10), 103016.
28



Dec (J2000)

Fermi-HA
The Cyg

—~—

[
| 150
+29.80° =
o
+29.60° h
- 100
B
+29.40°
+29.20° 2
50 S
o
)
7
Q
)
+29.00° i
+28.80° - 0
+28.60°
+28.40° —>0

8 10 12 14

298.50°
RA (J2000)

29

Park, N., VERITAS Collaboration, Fermi-Lat Collaboration, HAWC Collaboration 2017, Ing#fnational Cosmic Ray Conference, 696



Fermi-HAWC Synergies
The Cygnus Region

(92
(@)

Excess counts

=50

98.50°
RA (J2000)

, 0
Park, N., VERITAS Collaboration, Fermi-Lat Collabom’WAWé3 Collaboration 2017, International Cosmic Ray Conference, 35, 696




