
Gamma	Ray	Overview	

Liz	Hays		
NASA	Goddard	Space	Flight	Center	



Gamma	Rays	and	Cosmic	Rays	

p	+	p	→	X	+	π0	→	γγ	
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The	High-Energy	Gamma-ray	Sky	
Fermi	LAT		
E>10	GeV	
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•  So	we’re	done	right?	Universe	in	gamma	rays	
–	1000s	of	sources	–	all	quesYons	answered!	
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What	makes	this	hard?	
•  2D	projecYon	
•  Confusion		
•  Sampling	
–  SelecYon	effects	
– Geometric	effects	
– Horizon	effects	

•  Photon	astronomy	is	only	skin	deep	
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CollecYng	Gamma	Rays	
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Gamma-ray	Detectors	
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Pair	conversion	in	the	detector	 Pair	conversion	in	the	atmosphere	

Sample	shower	parYcles	
at	ground	level	

LAT	
10	yrs	

HAWC	1	yr/	
5	yrs	
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Gamma-ray	Detectors	
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Demographics:	High	Energy	

>3033	sources	
>100	MeV	
Based	on	3FGL	

80%	extragalacYc	
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Demographics:	Very	High	Energy	

Supernova		
Remnants	

14%	

>200	sources	
>~100	GeV	

TeVCat	
hpp://TeVCat.uchicago.edu	

40%	extragalacYc	
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Pre-Fermi	ExpectaYons	
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The	Promise	of	the	High-Energy	Sky	(pre-Fermi)	
Locate	candidate	cosmic-ray	
accelerators	

		
Following	earlier	balloon	and	
satellite	exploratory	work,	
OSO-3,	SAS-2,	and	COS-B	
mapped	cosmic	gamma-ray	
emission,		found	GalacYc	and	
extragalacYc	components,	and	
ulYmately	resolved	individual	
sources.		

Kraushaar+	1972	
OSO-3	

Swanenburg+	1981	
COS-B	
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The	Promise	of	the	High-Energy	Sky	(pre-Fermi)	
Locate	candidate	cosmic-ray	
accelerators	

		
EGRET	on	the	Compton	Gamma-
ray	Observatory	found	10X	more	
sources	–	many	difficult	to	
associate	with	counterparts.	
	
	
No	definiYve	detecYon	of	
gamma-ray	emission	from	
supernova	remnants	by	EGRET	

Hartman+	1999	
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What	Fermi	Found	
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3FGL	
3033	sources	
48	months		
E>100	MeV	



The	Promise	of	the	High-Energy	Sky	(pre-Fermi)	

Liz	Hays,	SuGAR	2018	 15	

Measure	spectral	signature	of	
neutral	pion	decay	

Two	models	for	RX	
J1713.7-3946.	Hadronic	in	
blue	and	leptonic	in	red.	



What	Fermi	Found	

E.g.,	Cardillo,	Amato,	&	Blasi	2016		

But	is	it	acceleraYon	or	reacceleraYon	
of	previously	exisYng	CRs?	

Reaccel	

Accel	

Measure	spectral	signature	of	
neutral	pion	decay	

Ackermann+	2013	
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The	Promise	of	the	High-Energy	Sky	
(pre-Fermi)	

Resolve	sites	of	fresh	
cosmic-ray	acceleraAon	

Ormes+	2000	
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What	Fermi	Found	
Resolve	sites	of	fresh	cosmic-ray	acceleraAon	

Ackermann+	2017	

γ	Cygni	
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6	years	
E	>	10	GeV	

LAT		
6.7	yrs	
E>50	GeV	
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High-Energy	GalacYc	Sources	

Emphasis	on	spa+ally	extended	sources		with	energy	>10	GeV	

Fermi	LAT		
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Full-Sky	Extended	Source	Search	
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Using	LAT	sources	to	Resolve	the	ExtragalacYc	
Background	
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Ackermann	et	al.	2016	

Point	sources	(blazars)	explain	
86	(+16	-14)%	of	the	EGB	above	
50	GeV	
	
Blazars	not	found	to	be	
dominant	contributor	to	
IceCube	neutrino	flux.	
	
Constrains	contribuYon	of	other	
source	classes	to	neutrino	
background.	



Variability	and	Transients	
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Gamma	Rays	from	Stellar	Novae	
Stellar	novae	predicted	
to	accelerate	CR	to	high	
energy	(Hernanz	&	
TaYscheff)	but	gamma	
rays	not	anYcipated	for	
LAT.	
	
Fermi-LAT	detects	~1	
classical	nova	per	year.	

Hadronic	model	favored	to	avoid	uncomfortably	high	efficiency	for	IC.	
Li+	2017	

NASA	GSFC/S.	Wiessinger	

Thermonuclear	explosion	from	
white	dwarf	with	stellar	
companion	
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Shock	expansion	in	a	binary	system	

V959	Mon,	5	GHz	EVN	
Chomiuk	et	al.	2014	

Nova	expansion	into	
binary	creates	
asymmetrically	expanding	
shock	and	polar	wind	
from	the	white	dwarf.		

Radio	imaging	of	the	shock	
evoluYon	for	V959	Mon.	

Liz	Hays,	SuGAR	2018	 25	



ASASSN-16ma	Time	Development	

Li+	2017	

ASASSN-16ma	Tracking	of	opYcal	and	
gamma	implies	that	
opYcal	is	reprocessed		
emission	from	shocks	
and	NOT	the	white	
dwarf	

Metzger+	
2015	 Liz	Hays,	SuGAR	2018	 26	



The	Crab	Nebula	

Spectrum from D. Thompson, compiled ~2006
>5500 references for Crab Nebula in ADS

NASA/CXC/SAO;	
NASA/STScI;	NASA/
JPL/Caltech;	NSF/
NRAO/VLA;	ESA/
XMM-Newton		 Liz	Hays,	SuGAR	2018	 27	



Extremely	Rapid	Gamma-ray	Flares	
LAT		Flux	E>100	MeV	

Crab gamma-ray flux (>100 MeV) 
doubles in hours.

2	days	

Meyer+ 2013

Buehler+ 2012
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Where	are	the	gamma	rays	from?	
Rapid	variability	observed	in	blazars,	Crab	Nebula	maxes	out	resoluYon	
capabiliYes	of	mulYwavelength	observaYons	and	defies	shock	acceleraYon.	

Rudy	et	al.	2016	

Crab							LAT	E>100	MeV				12-hr	IC	310	

Aleksic	et	al.	2014	

IC	310	
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Binary	Neutron	Star	Mergers	
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Abbop	et	al.	2017,	ApJL,	848,	2	

Fermi-GBM	
independently	
triggered	on	a	short	
GRB	matching	GW	
170817	
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Where	are	the	Gamma	Rays	From?	II	
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GRB	170817A	was	not	very	bright	for	being	
close	(43	Mpc).	Why?		

long	GRB	and	jet	illustraYon	

Possibly	off-axis,	implying	a	
structured	jet	or	cocoon	(wind)	
component.	
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MeV	Prospects	for	Neutron	Star	Mergers	
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GRB	170817A	would	only	have	been	detected	
by	GBM	onboard	to	~80	Mpc	
	
An	MeV	instrument	like	AMEGO	will	detect	a	
similar	GRB	to	>130	Mpc	with	a	localizaYon	of	
<6	deg	radius	(1σ)	

AMEGO	
simulaYon	
GRB	170817A	

AMEGO	will	detect	10’s	
of	short	GRBs	per	year	
(uncertainty	in	intrinsic	
rate,	redshi|	
distribuYon	and	jet	
structure)	
	



MeV	Prospects	for	GRBs	
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Intrinsic	populaYon	of	long	duraYon	GRBs	given	luminosity	funcYon,	redshi|	
distribuYon,	prompt	light	curves/spectra	derived	from	Swi|-BAT	using	method	of	
Lien	et	al.	2014.	
Sample	subset	of	populaYon	above	sensiYvity	limit	for	an	MeV	instrument	
(AMEGO)	and	adjust	for	FOV.	

~400	Long	GRBs/yr		
(~19	@	z>6)	
	
~80	Short	GRBs/yr	
(scaling	by		
GBM	populaYon	fracYon)	
	



Reminder	about	Beamed	Sources	
•  Gamma-ray	emission	from	GRBs	is	relaYvisYcally	
beamed	

•  Detected	GRBs	are	a	few	percent	of	the	enYre	
populaYon	(depending	on	jet	angle)	

•  	The	detecYon	of	a	few	GRBs	at	high	redshi|	
provides	a	sample	of	the	enYre	populaYon	
exisYng	in	a	younger	Universe	

•  (That	goes	for	blazars,	too)	
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MeV	prospects	for	blazars	
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J1653-329	a	candidate	PeV	neutrino	
emiper	(Krauss+	2014)		

•  Energy	output	peaks	in	MeV,	
below	LAT	band	

•  Among	the	most	powerful	
persistent	sources	in	the	Universe		

•  Large	jet	power,	>	accreYon	
luminosity		

•  Host	massive	black	holes,	~109	
solar	masses	or	more		

•  Detected	up	to	high	redshi|	
(expect	~100	at	z>3)	

•  EvoluYon	of	MeV	blazars	is	
stronger	than	any	other	source	
class	–		maximum	density	might	be	
very	early		



Gamma-ray	Detectors	
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Themes	for	the	Future	in	Gamma	Rays	
•  Fermi-LAT	conYnues	to	deepen	all-sky	view	above	in	the	mulY-GeV	to	TeV	

range,	especially	important	for	spaYally	extended	and	diffuse	studies	
•  Fermi	all-sky	monitoring	(GBM	and	LAT)	conYnue	to	promote	discovery	

and	uniquely	support	mulYwavelength	variability	and	transient	work	
•  Enhanced	context	

–  MulYwavelength	overlap	and	complementarity	
•  Challenges	for	interpreYng	relaYonship	of	emission	sites	and	processes	within	a	source	

and	making	connecYng	to	acceleraYon	sites	and	populaYons	
–  MeV	is	criYcal	for	extending	horizon	of	GRBs	and	blazars	in	support	of	

mulYmessenger	studies	(and	loads	of	other	reasons	–	see	e-ASTROGAM	talk)	
•  Angular	ResoluYon	

–  I	begin	to	see	what	I	would	really	like	to	see	beper	
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Concluding	Thoughts	
•  RelaYon	between	gamma	rays	and	cosmic	rays	remains	

complex		
–  Fermi	LAT	has	answered	many	quesYons,	but	raised	many	
more.		

–  The	sites	of	gamma-ray	emission	do	not	provide	a	complete	
answer	about	where	and	how	cosmic	rays	are	accelerated	

–  Gamma	rays	from	freshly	accelerated	cosmic	rays	remain	
elusive	

–  In	some	of	the	most	interesYng	cases	for	understanding	
acceleraYon,	the	sites	are	surprisingly	compact,	but	difficult	to	
localize	
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