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Gamma-Rays from Radioactivity: Key Points

— Emission due to Radioactivity
: No “Activation” (thermal, ionization)
= Isotopic Information ,
Related to Specific Nuclear Reactions
— Penetrating Radiation
No Occultation Corrections

Poor Imaging Resolution (deg...arcmin)

— Low Signal, High Background
Galactic Sources, SN la < 10Mpc




Radioactivity Gamma-Ray Lines and their Messages

Radioactive Trace Isotopes are Nucleosynthesis By-Products

For Gamma-ray Spectroscopy We Need:

* Decay Time > Source Dilution Time

* Yields > Instrumental Sensitivities
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Cosmic Radioactivities: = Production and Re-Cycling of Nuclei

Dense Molecular
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Nuclear Gamma-Ray Line Telescopes / Missions

— Compton Gamma-Ray Observatory

1991-2000
NASA

— INTEGRAL Observatory

2002-(2018+)
ESA

Colloquium OATS Trieste (l), 25 Feb 2015 Roland Diehl



Nuclear Gamma-Ray Line Telescopes / Missions

— Compton Gamma-Ray Observatory
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Astronomical Gamma-Ray Telescopes:
Interaction of High-Energy Photons with Matter
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Compton Telescopes

Measure Compton Scattering:

E = o
N S T+ mEc? |‘1 — COS 9)
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Casting a Shadow

¥ INTEGRAL Cosmic Photon Measurements: The SPI Ge Y-Spectrometer &

&

A

v

2

Coded-Mask Telescope

Energy Range 15-8000 keV

Energy Resolution ~2.2 keV @ 662 keV
Spatial Precision 2.6° / ~2 arcmin
Field-of-View 16x16°
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Counts

Energy Spectra:
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” INTEGRAL Cosmic Photon Measurements: The SPI Ge Y-Spectrometer &

\

Coded-Mask Telescope

Casting a Shadow

- Change aspect of src
every ~30 min

- Detect shadowgram of
source counts in
set of spectra

Energy Range
15-8000 keV

Energy Resolution
~2.2 keV @ 662 keV

Spatial Precision
2.6° / ~2 arcmin

Field-of-View 16x16°

N Ni+Ng
dk—ZRijOEMi]"' Z 9, B]k
Jj i= i=Ni+l

k=energy, detector, time

- analyze typically ~10° spectra
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SN2014)
* |In M82

(Starburst Galaxy)

* Discovered 22 Jan 2014
Cao et al. ATel # 5786

* Likely Explosion Date:
14 Jan 2014 (14.75 +/-0.3d)

* Distance 3.3...3.53 Mpc,
1=141.41°, b=40.56

SN 2014) KAIT/LOSS detection light curve
——— 71—

10 RS 7
L Preliminary result e «-- .
r e <10°
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Time since first detection: Jan 16.381 UT (MJD=56673.3811)
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SN2014)
e SN2014J appears to be “norma
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What is a Supernova?

— Release of Nuclear Binding Energy

— 2%Fe: 8.8 MeV/nucl; (13a+4n): 6.6 MeV/nucl
» 2.2 MeV/nucl, =110¥erg/g >10°?erg/Mg

— Explosiveness of Stellar Matter:

(2]

log p (gr/cm®)
H

— Implosion of iron-group composition = explosive light nuclei = SNII

— Light nuclei under degenerate conditions 2 SNI - C,0 White Dwarf!
' ! ‘ I ‘ NUCLEOSYNTHESIS IN SUPERNOVAE

EXPLOSION OF DEGENERATE LIGHT NUCLEAR

L FUEL WITHOUT IMPLOSION F. Hovie
T T T T T ) . ‘ . . .
CORE HEATING BY EXPLOSON - St. John’s College, Cambridge, and California Institute of Technology
SHOCK WAVE AND
N " |/E-PROCESS (RARE) |
& WiLLiam A. FOWLER
California Institute of Technology
Received May 21, 1960
LE
W /tBHe4"C'2—-C - =IRON (SLOWLY)
3\\)/ P
Q\)\\_—9 -

- ‘9///;_/- | _
- TYPE I SUPERNOVAE

- TRAPID PROCESS
OF NEUTRON CAPTURE

IRON HELIUM AND NEUTRONS

| 1 1 l L

2 4 6 8 10 12
T (10%deg.)
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Understanding SNIla: Main Issues

Consensus: o Baex, et

. . g ] 5% 9%
Explosion of a CO WD (C fusion) o1bg
g 15%
$ Normal
Close/interacting 70%
Binary System
S oenth4700/5500) =0 Li+2011; volume-limited
: outliers?
GND E . g 207 ﬁi
Binary 2 ] _
ass Transfer CI s e SR
White Dwarf ‘ bh SD g o] TEREERTNT
E] ] L T__I
E ] A 5 :
£ ] —= —
Lo +
S -184 1
¢ i~ i % ™ Nuclear Burning .§ ] 02cx-like 1
Nuclear Burtiing d“"-..r_f”g accretion ZE 1 el V
during collision -17 "1 CA3SNe 91bg-like Y.
) He i — Phillipsrelation g, 1a )
; ; . WD .:.Accretion S S I S
“Layer/Belt 0.5 1.0 1.5 2.0

C Ignition Flash

SN Ia Central \ %Hg’esmu

¥ Progenitor diversity?

propagation?
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SNIa Light: Radioactivity Gamma-Rays Make Optical Emission
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* °°Nj decay gamma-rays and e* are initially fully absorbed (= light),
and leak out later
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SNIa Flame Simulations

- plume-like & far-reaching flame
W Velocity (x 10° km/S)

10 12
3D Hydro sim
w subgrid approx
for flame dimensions

Gamezo et al. 2003

3D High-resolution
of flame,

"reactive flow" sim
Khokhlov et al. 2012
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SN type la: How the Flame Proceeds

— Physical Processes:
* Nuclear energy release, electron heat conduction
e Rayleight-Taylor instabilities wrinkle burning front
* Magnetic fields may quench turbulence

— Open Issues

e Large scale plumes?
* Mixing throughout the White Dwarf star?

 Preconditioned WD structure?
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SNIa Nucleosynthesis

* Major amounts of *°Ni
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Gamma-Ray Lines from SN Ia

The gamma-ray luminosity of a typical type I supernova remnant has been calculated by assuming
that the origin of the optical luminosity is due to the energy of the radioactive decay of Ni%t. Tt is ex-
pected that Ni® is the most abundant nucleus resulting from silicon burning in the supernova shock
conditions. The requisite mass of Ni%¢ (0.14 M©) gives rise to gamma-ray lines with energies near 1 MeV
that should be detectable in young supernova remnants at distances up to a few Mpc. Future detectors
aboard satellites should be able to detect events at the rate of about two observable events per year. A
few supernova remnants in the Galaxy should be observable at all times in lines following the decay of
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>6Nj Radioactivity Decay Chain and Gamma-Rays

0+
° 7=8.8d e~-capture (98%)
o T 17 270+480 keV
56N o Y750 keV (50%) | | (36%)
2+

v812 keV (86%)

4+ Y158 keV (100%
e - capture (81%)

7=111.3d
_deca}} 's  3.253(8%),2.598(17%)
56Co B 5 1.038(14%),
(19%,E~0.6MeV) =4 1771(16%) Me

4+

Y 1238 keV (68%)

2+

) 847 keV (100%)
+

°Fe

* Nuclear BE release 0.6Mg C,0—>°°Ni: ~1.1 10°! erg (>2*BE,, ;)



The Challenge of Finding SN2014J Gamma-Rays

— Current Gamma-Ray Telescopes Have Large Intrinsic Background
e Cosmic Ray Activation of Spacecraft and Instrument

771
10-1 ? typical background intensity
10-2 E
10-3
10—
10-°
10-¢
10-7
10-®
10-®

lllﬂq TTT

€Xpected signal fror N2012

Flux, Phot/s/cm?/keV

500 1000
Energy, keV

from Churazov et al., 2014
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%

Photon counts

1000 i

SN2014) Data

* Integrate data over 3 days

Normalize the spectral-feature template

Analysis

— Background modeling from detailed mission data spectroscopy
2, > exploit physics of lines = consistent high-resolution model

T Siegert, thesis TUM (2013)

Fit spectra in detail (continuum, lines, steps...)
Fix spectral-shape and detector ratio parameters

per pointing,

and apply individual-detector responses

One 3-day orbit, one detector

3000
2500
2000(

1500

Photon counts

840

860
Energy [keV]
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SN2014) Data Analysis

@@— Background modeling from detailed mission data spectroscopy
2, > exploit physics of lines = consistent high-resolution model

T Siegert, thesis TUM (2013)
* Integrate data over 3 days
* Fit spectra in detail (continuum, lines, steps...)

* Fix spectral-shape and detector ratio parameters

8 [0 o i PR B L R A L A L I AL I
Ml AL e ' - Use nuclear reaction physics!-
4.0x10*F raw spectrum Separation of Continuum and -
: - 58C°+K Instrumental Gamma-ray lines! -
+E ee mvg 2 Ireat each component 3
3.5%10 = ! m 4 MIn +i( ind|\(l;idt'1(allv' ] '2h point—ing’ one detector
o 9Ge + 1 ———T—— T T
3.0x10* P M -
2.5x10*F 3
: ZOSBi : ”
: 28p¢ : ' .‘ Iu‘ |
2.0x10* scol ) 20agi = 'l‘
L 206 ¢ ] - . . 3
[ 219pp l pl S 11t | 1NN
i 203 ] .ﬂ. | i |l HI.I I prt | ' .
1.5x10* —1 1 l ll‘ l ah | " ‘ (T | A ,l_L
o 4 4“‘;/\) /“\; P : ! ! E'
. : Continyum ———N L e Sl VA : T S T R T
1 .Ox1 O A 1 L 1 1 1 L 1 1 L i 1 L L i 1 1 i 1 1 1 1 L 1 1 1 N J 840 860 880 900

800 820 840 860 880 900 Energy [keV]
SPI Team Meeting , Toulouse IRAP, 05.12.2014 CoIquuigﬂ?fﬂX T[’*%%%é](”, 25 Feb 2015 Thonﬁ(s)ﬂaehd Diehl



SN2014J: Early ~°Ni

e Spectra from the SN position

— Clear detections of the two strongest lines expected from ~°Ni
with the INTEGRAL Spectrometer ‘SPI’

BT 15 [
i 158 keV intensity: 1.10+0.42 1 [ intensity: 1902066 8712 k

Centroid: 159.43+0.37 keV B Centroid: 811.84 £ 0.42 keV
10 FWHM:  1.77 keV (fixed) ed)

Flux [10° phcm? s~ keV™']

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

Energy [keV]

— Intensities:
(1.14 +0.43
and (1.91 £0.67)
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Line Uncertainties: Search and method biases

Revolution 1380

b s e "1 Random Search: Try to Fit a Line
T i (Centroid,Intensity, Width)
PR i
o ﬂ i
u?ﬁ oH / | |J_A
B R i
2 Ll Jr : Depending on resolution

o : of the analysis method,

- and on fitting approach,
results may differ

20 — »

oL ) ““”“Narrow line, ~unshifted
s 12
= 10 1%

s ;

0:. PR (YU [ S (NPT S T (NPT S|

150 155 160 165 170

Energy [keV]
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Line Uncertainties: Search and method biases

Revolution 1380

Tt 6259303 1 * Random Search: Try to Fit a Line
o i (Centroid,Intensity, Width)
PR i
o ﬂ i
;S ok MEE> f | IJl_A_

2 4 Jr Jf H : 7« Depending on resolution

o ] of the analysis method,

- and on fitting approach,
results may differ
20 »
ol ““”“Narrow line, ~unshifted
s N
=i ?or?
< 10 *é
| ? “"Broad & redshifted line
oL E
150 155 160 165 170

Energy [keV]
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e Spectral evolution:

Fluc (10 ph e Flux (10 phs e Fux (104 phs emd) [ Fux (10 phs e

Fluc [10% ph* om9)

SN2014J: Early *°Ni-decay

56Ni from SNla models (rhessurows 2014) 6= 5mpc

10 20
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SN2014J: An unusual explosion?

e A belt of He accreted from the companion star - He explosion,
triggering the SNla explosion of the CO white dwarf (M<M_,)

to observer I

I Simulating how an exploding belt of
1

accreted He would be observed in

inner *°Ni : gamma-rays:
(opt. thick) . : :
I Polar viewing - unshifted lines
SN belt Equatorial viewing - blue shift
| De
(opt. thin) | <5000 kms™ C 2o ' ~ T s
S &———polarview 25

10.00 1.0

. . 2.0
i _—~equatorial view s

_ He belt model

Flux (107° photons cm™ s™' keV™")

~20,000 km s~

W7 model 7
Viewing angle (cos v)

1.0 08 06 04 02 00 Q (\AM‘E

100 1000
Photon Energy in keV
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>6Nj Radioactivity Decay Chain and Gamma-Rays

0+
o 7=8.8d e-capture (98%)
1+ =T7 270+480 keV
56 o Y750 keV (50%) | | (36%)
2+
v 812 keV (86%)
3+ e -
4 Y158 keV (100% ~
P e - capture (81%) -~
s7=111.3 a N N
/ ) —
é6C B - decay | TIRN
¢ o Fo 1.038(14%),
1 (19%,E~0.6MeV) =4 1771(16%) Me \
/I 4+ \
e A | 1238 keV (68%) !
_ nr %Co (847 kev)SNTa}rl@ﬁIpcé \ 2+ Y ° I
w 2 e ) v 847 keV (100%)
3 E \ 0+
2 o ~50...100 days ] \
=10° Ni (812 keV) 1 N
— s, N oFe
S A N o
: ' : e -
o I IlOOI - '150. - .20( e o o = = -

Time [days]
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SN2014)J data Jan —Jun 2014: ~*Co lines

! I I IIKI, MIPA and INT]EGRAIL teanl1 .
,:; 10 SN-2014J _‘
Q2 .
(}l —
— Detection of 847 5 g :
. $5x10-6 —
and 1238 keV lines § | + + it
= ¥ I
from >°Co decay 5 e Pulealllec) ] a7 L
at days 50-100 : +
| | | 1 I | | | | I 1 | |
500 1,000
Energy (keV)
Velocity (km s7)
e B0 W0 xit exiet
— Confirm SNIa model T woof ; sarieV
£ i s
6 5x108— i =
R | == == _
— Significantly g T SR
Doppler-broadened el ]
800 En;&;(; eV, 900
Roland Diehl
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SN2014J data Jan — Jun 2014: >°Co lines
— Detection of 847 and 1238 keV lines from *®Co decay

Flux [10° phs™ em™? keV ™
Flux [10° ph s™' cm™® keV ']

780 800 820 840 80 880 900 920 1200 1220 1240
Energy [keV] Energy [keV]

1260

1280

— Significantly Doppler-broadened

* Diehletal., A&A (2015), days 17-134
* ~asreported by Churazov et al. 2014
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Longterm Data: Broad Lines from >°Co!
 INTEGRAL Obs from 31 Jan till 26 Jun 2014

Velocity [km/s]
2x104 104 0 —1x104 —2x104

1,5)(10_5 I I I I I I I 1 | I | | I | I I I 1 I 1 1 I | |
- | IKI,MPA and INTEGRALTeam -
i | MPE INTEGRAL Team 7]
= osl | | 847 keV
2 A 1238 keV |
E i 847 keV |
{ 5x10-6 .
n -
N
—-— -
E -
5, 0
s
=
~ —-5x10-6
| 1250 1300 0
] ] L ] ] ] ] | ]
850 900

Energy [keV]
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SN2014J) data Jan —Jun 2014: >°Co lines
— The 847 keV line from >®Co decay

* Different spectral binning

1 M _?
2| T T R T
°%wmﬂMWMW

— Structured spectrum — all from the broadened 847 keV line?
* Diehletal 2015
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SN2014J) data Jan —Jun 2014: >°Co lines

— The 847 keV line from >°Co decay
— Different spectral binning

-----------------------------
15[ .

T i

> i
< 1of .
= [ ‘ _‘7 ‘ ]
O - —
2 o05F *\‘ .
o - .
o [ ]
X | S e T r ---- { ------ .
w i ]
_05 -— —
...............................

780 800 820 840 860 880 900 920
Energy [keV]

— Structured spectrum — all from the broadened 847 keV line?
* Diehletal 2015
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SN2014J) data Jan —Jun 2014: >*Co Imes

— The >°Co decay lines
— Different spectral binning
— Different epochs

Flux [10° ph s~ em™ (10keV)™]
I

— Structured and evolving
spectrum
— all from broadened
>6Co decay lines?

« Diehl et al., A&A (2015)

810 5 5 910 785 810 835 860 885 910 1200 12 12 1260 1280
Colloquium OATS Trieste (1), 25 Feb 2015  Ee@keV1  Rojand Dielffe? kv Energy kel



— At high spectral resolution, the
appearance of the Co lines shows
up more irregular than a 1D model

Time history of *®Co line emergence

would suggest

The line as seen in the transparent
phase is in (mild) contradiction
with the emission at earlier (semi- N

transparent) epochs

o
=
& -
£ ] ] P
x
3
2 L
3 £
- + Days 66.3 - 99.1 + Days 66.3 - 99.1 + Days 66.3 - 99.1
o 3 L
3 2
=] L
§ 1 f
W + r
: #
: OWM Www —————— TR
8-164.0 8.3-164.0

%W*#Www %%ﬁ%@

810 835 860 885 910 785 810

835 860 885 910 1200 1220 1240 1260 1280

Epoch Xy (A0.£)  Xiigmes @) Xfomathepoch (@)
1 1262(6) 42.05(d28)  42.93(4.36)
2 17.77(6)  2748(173)  29.35(2.04)
3 577(6)  1537(1.71) 1579 (1.78)
4 2478(9)  25.54(041) _(0)

Epoch Xgest (d.o.f.)

X glltim (o) X %mmﬂlnpoch (o)

1 48.36 (62)
2 66.90 (62)
3 43.22 (62)

- 50.66 (65)

66.85 (3.04) 66.82 (3.03)
717.73 (1.92) 76.58 (1.72)
60.95 (2.94) 58.81 (2.65)
51.18 (0.29) - (=)

Notes. For each of the four observation epochs, we list the x2-values of the best fit (Col. 2; Gaussian with adapted centroid and width), then the
intensity-fitted shape of the line as determined in the time-integrated results (Fig. 2) (Col. 3), and finally (Col. 4) the intensity-fitted line shape of
the last epoch. The degrees of freedom of the fits are given in Col. 2 in brackets. The discrepancy of the thus-adopted line shape in each of the
epochs is given in sigma units in brackets in Cols. 3, 4. The lefthand table gives the results for the 10 keV bin data (center column in Fig. 4), the
righthand table gives the results for the 2 keV bin data (left column in Fig. 4)
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SN2014J) data Jan —Jun 2014: 56Co Iines

~
TTTT

—

— Brightn volution e ggfc:%ng.o D
ght 5? >> €VO UU? °F “BAT keV” | imiiiocomen |

of the °°Co decay lines st i P
- i ;

w
TT[TITTTTTT

— Consistent brightness
evolution of both lines
* Ratio ~0.62 +/-0.28 (0.68) of LA

Time past explosion [days]

*Co 1238 keV line flux [10™* ph cm™@ s7']
N
||||l|||l||||

—
T[T

— Plausible kinematics 5¢ T

time bulk spread “1238 keV” e E}w?h‘ojtkh B

163-413  -6920+1480 5060+1330 4 SSEE perumins Ho-betonaion |
413-663  1600£1720 39401260 B SPiGwonre

66.3-99.1 1600+£1600  7250+1560
134.8-164.0  -80+1870  4570+1840

— ~Consistent with
many plausible models

%%Co 1238 keV line flux [10™* ph cm™ s7"]

Time past explosion [days]
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SN2014J) data Jan —Jun 2014: 847 keV ~°Co line

I | — —————

 — Chandrasekhar-Deflagration)

............. He-Detonation —

_____ Merger Detonation

i ————m Pulsating Delayed Detonation .
S Superluminous He-Detonation

B - SPI Data (10 keV bins) ]

¥ SPI Data (2 keV bins)

* [ SPI Exposure
Best Model Fit (hed8x0.9)

(00
I

()]
I

\V)
I

*Co 847 keV line flux [10™* phcm™@ s7]
S
|
|

—>Compare

high/low res data s =g pio"
Time past explosion [days
to models past explosion [days]

— °°Ni mass (fitted): 0.49 4000 Mg

(cmp from bol. Light > 0.42 +/-0.05 M@

* Diehletal.,, A&A 2015
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SNIa Light: Radioactivity Gamma-Rays Make Optical Emission
- SN2014J in multi-wavelength data v/

My~ 5 log(Ais5)

~an
A9

light-curve timescale

™
1N
%

“
" optical

“streqeh-factor” correced

22

675

687 698 710
Modified Julian Date - 56000

722

el

Flux [10°ph cm™?s™" ke!

[a—
o

|
[=))

1 I&Illm
ACT DUAL

. 2 -1
Line flux [cm s |
[a—
o

. sgN
b

1 I 1 1 1 1 I 1 1 LI | I 1 1 Ll 1 I Ll 1 1 1

SNIa at 20 Mpc
Co (847 keV)

€= INTEGRAL
€& NCT

~50...100 days
WNi (812 keV) Y

W7DT (del det)
CD (He det)
- —- DD202

(del det)
-—-- W7 (def)
--— HEDS (He det)

1 llII‘l

n 50

100 150

56C0

W7 (Chandrasekhar—Deflagration)
«wee- He-Detonation
—. Merger Detonation

-—-— Pulsating Delayed Detonation
=+« Superluminous He-Detonation
+ SPI Data (10 keV bins)
+ SPI Data (2 keV bins)
[ ] SPI Exposure
Best Model Fit (hed8x0.9)
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SN2014J: a unique opportunity

* Multiple observing windows
* Proximity = Detailed observational constraints
—Understand this supernova la and its origin?

— Anomalies in light evolution with time
— Polarization

— Search for companion

— Search for progenitor
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Supernovae

e Core Collapse
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Nucleosynthesis in CC-Supernova Models

Shell-Structured Gravitational Supernova
Shock Wave

SR A VRN
NN
Shock Region \\(‘\(

Explosive Nucleosynthesis

Neutrino Heating
Colloquium OATS Trieste (), 29€e§'210?§k Region f{(ga% B%ﬂde



Core-Collapses: Supernova Explosions (?)

e 1D Simulations = SNe (EC)
from ~8-10 M, Stars

e 2D Simulations = SNe across

10-25 M, Stars by x Groups
— SASI, n’s, G modes = 3D-effects

* 3D Simulations = ?7?7?

0 1000 25

0 008 0.1 0.15 0.2 0.25
time a fer bounce [s]

Bernhard Miiller, THJ, et
al. (ApJ 756, ApJ 761,

North  Color coded: - arXiv:1210.6984
® entropy = £
3 20 15 2 . .
E time after bounce 0 s B.:mc conﬁrn:aatlon v
100 previous explosion models
3 for 11.2 and 15 Mgy, stars by
y South 200 - Marek & TH)J (2009)

Colloquium OATS Trieste (l), 25 Feb 2015

"Electron-capture supernovae"
or "ONeMg core supernovae"

10° T

T T
Wolff & Hillebrandt

(stitf) nuclear EoS

10*

10"

Kitaura et al., A&A 450 (2006) 345,
Janka et al., A&A 485 (2008) 199 2010

&
=)
T

min., max., avg. shock radius [km])

time after bounce [s]
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Nucleosynthesis in CC-Supernova Models and #*Ti

Shock Region
Explosive Nucleosynthesis

Gravitational

Proto-Neutro

Supernova
Shock Wave

Neutrino Heating
of Shock Region from Inside

=>Unique Probe (+Nilsotopes)

Colloquium OATS Trieste (l), 25 Feb 2015

log Mass Fraction

N
IIIIIIIIIIIIIIIIIIIIIIII

e

1.8

2 2.2 2.4

terior Mass

N
o

Upflow 1

Downflow =~

e MTjiProduced at r < 103 km from o-rich Freeze-Oui o
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e Stellar Rotation likely incurs asymmetries at SN time

* N

2.01

Asymmetric Supernova Explosions

et al. 1998, Maeda et al. 2002; Popov et al. 2014

| Z,R@

X(°6Ni)

.- 0.98

-0.73

0.49
0.25

tttttttttttt
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Nucleosynthesis around #*Ti

— MTiis the first unstable nucleus on the "a line"

LIS | Y

32-
EC

0+
EC

L L A D U] T A
Cr45 | Cr46 | Crd47 | Crd8 | Cr49
50 ms 0.26 s 500 ms 21.56 h 423 m

Cr50
1.8E+17y
o+

ECEC
4.345

V47
32.6 m
3/2-

V43 V44 V45 V46
800 ms 90 ms 547 ms 422,37 ms
(7/2-) (2+) 72 0+ .
JECa |V EC
Tid2 Tid3 Tid4 Ti4s
199 ms 509 ms 63y 184.8 m

72

Ca40
0+

96.941

K39

3+ 32+

93.2581

Ar3s8
0+

0.063
Cl137

Sc49
572m

0+ m2-
0.647 0.135 3
K K41 K42 K44 -
L27TE+D y 12.360 h 12.3h 1213 m 17.3m i Gar s s
4- 312+ 2- 32+ 2- 32+ 1/2+ (2-) (3/2+)
EC’E;m 6.7302 i3 i P B I I P
Ar40 Ar4l Ar42 Ar43 Ar44 Ar4s Ar46 Ar47 Ar48
109.34 m 29y 537 m 11.87 m 21.48 s 845 T00 ms
0+ 72- 0+ (3/2.5/7) 0+ 0+ 0+
: B B B p B B |
CI38 Cl139 Cl40 Cl41 Cl42 Cl43 Cl44 Cl45 Cl46 Cl47
37.24m 55.6 m 135 m 3845 6.8 5 33s 434 ms 400 ms 223 ms
2- . 32+ 2- (1/2,3/2)+
B B B B- B B Bn B | [ P
837 538 S39 540 541 542 S43 544 S45 S46
5.05m 170.3 m 11.5s 8.8s 0.56s 220 ms 123 ms 82 ms
7i2- 0+ (3f2,5f2,?f|2)- 0+ 0+ 0+ 4 . 0+
-Isotopelis almostrexclusivaly frém “4ki Decay

some minor admixture from s-process of “°Ca




Nucleosynthesis in cc-SN Density/Temperature RegimesO

NuGrid collaboration (Magkotsios et al., ApJ 2011)

Final
Mass
fraction
1072
1073
v.”\ -4
£ 10
Q
Z 1073
>
‘0
3 1078
o
°
&: 1077
g
- 10-8
1072
107

Peak Temperature (Tg)

“For each region only certain reactions affect the yields of %4Ti"
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Discovery of #4Ti in Core Collapse Supernova Cas A

* 1.157 MeV #Ti Line Detection (65) by COMPTEL

Cas A COMPTEL Phase -5 |

Counts / bin

-aLatitudoe (deg)5

800 1000 1200 1400 1600 1800
Energy (keV)

130 120 LD LoD 90 20
Galactic Longitude (deg)
2 I T T

A. pudin et al., A&A 1994, ESA-SP 382 1997

* Line Flux 4.2 (%0.9) 10~ ph cm™s
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o+

7 =85y

44Sc

B* - decay ( 98.98%)

Y 1.157 MeV (100%)

44ca

A

6+
2+

4+
v 1.150 MeV (1%)

2+

o+



t
89y

“Tiy*scr»*Carte’ ‘

4Ti y-rays from

78, 68; 1157

Cas A

Counts / bin
g

Cas AGOMPTEL Phuse |5

1000 1200 1400 1600 1800

Energy (keV)

44Ti

[E1=85y, EC

44C a

- 3
.08

¥ IBIS, SPI
0.04/- Martin et al.'06 3

IBIS
Renaud et al. '06

1 .
20 50 100 200
Energy (keV)
o RD 10,06
T 6 T T y
(7} Ly o
N
c L _
O r N
S af -
L(‘) = ]
O L 4
S5 2F ll 7
> L _
— r ]
ir: 0 I 1 I I I |
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44Ti y-rays from Cas A

t=85y (Ahmad et al. 2006)
89y | “Tis¥sctcare’ | 78,68; 1157

(o))

N

N

@)

—~
|
wn
o™~
|
@)
-
Q.
T
O
Ao
~—
x
35
o
()
=
=
q-
<

COMPTEL OSSE RXTE BeppoSAX INTEGRAL  NuSTAR

v “Ti Ejected Mass ~1.23:025s 10* Mg
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Flux [107° phcm™ s™" keV™]

SPI Re-Analysis of Cas A for 44T

— Using cumulative data from >12 years,
and a new instrumental-background treatment

— Find 78 keV and 1157 keV line emission

Siegert et al. (2015; submitted)

AL B B A B B A B i <3 L e B e B B B B B L S B B B
101 ; [ ]
[ T el b
51 E > T -
5 X # ——
I s | —+ ]
o o 4f dh .
: I / -\ ]
; e S R Rt 1  E o —— \ ]
—— 2 -
_5 — I —_ _g L / JR| | — .
1 - o L T el = .
I i o ]
-10+ — - 0 __ —_
- - x
L 4 =] L 4
L - L L 4
-15F . -2 .
L 1 L e e b
1145 1150 1155 1160 1165 1170 1175
74 76 78 80 82 84
Energy [keV] Energy [keV]

— Doppler broadening: 4300+1600 / 2200+1600 km s (78, 1157 keV)
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4Ti from Cas A
Consistency checks:

— Different instruments / detector systematics?

Siegert et al. (2015; submitted)

S - 68 keV line (**Ti(EC)*Sc))
E 78 keV line (“Tl(E “Sc
E W 1157 keV line (*‘Sc(E )“‘Ca
4F : 5
: ]
- | ]
=  }
B [ 1
= .
o 3F
o E
O L
© [
€ oL
=
=
B K
, -
L}
0:111 1 | 11 | 11 1| | I

OSSE BeppoSAX ISGRI NuStar SPI
COMPT (This work)

—%4Ti mass = (1.37 £ 0.19) 10* Mg
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44Ti from Cas A
Consistency checks:

— Decay time; 44Sc/%*Ca systematics?

Siegert et al. (2015; submitted)
L) L] T I T L) L) T ] T L) T T

1 0_4 T 1 Ll Ll I T Al Ll Ll I T Al L] T I 1

x Flux from high-energy line (1157 keV)
+ Flux from low-energy lines (68 keV, 78 keV)| 1

Flux [ph cm™2s™"]

| \ﬁ\
| | | |

2000 2005 2010 2015 2020
Year

— Contribution from LECRs and nuclear de-excitation?
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Are Core Collapse Supernovae #*Ti Sources?
Cas Ais the ONLY Source Seen in our Galaxy

Sky Regions with Most Massive Stars (inner Galaxy) are 44Ti Source-Free

We expect to see > a few of such sources!

— IBIS/ISGRI (67.9 & 78.4 keV 30 sensitivity, Renaud et al. 2012)

9.29¢-06 1.16e-05 1.3%e-05 1.62e-05 1.85e-05 2.082-05 2.31e-05 2.54e-05

g w
)
S
= COMPTEL (lyudin+99)
=
]
150 100 50 0 310 260 210
Galactic Longitude (deoreeq)
10E ° expectation =
0 — . @ woos g '2, _ The et al. 2006

' CoIquwum OATS Trleste (), 25 Feb 2015 Roland Diehl
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“Abnormal” Core Collapse Supernovae as #*Ca (=%*Ti) Sources?
: L) L] L] L LA ) 'l L] L l...‘.‘l 'l E
L
Cas A e
104 -
= f A :
_— - (7 -
I PV \ ’
= - ev -
= b‘\Q Sic¥er? et al. 2015
10-6 — b refenstette et al. 2014 -
- \Cb o reBenev et al. 2012 -
. Jerkstrand et al. 2011 .
[ e o Eriksen et al. 2009 )
. . Limongi and Chieffi 2003 @
K ® Rauscher et al. 2002 X
-6 Maeda and Nomoto 2003%
lo -— | 1 b A4l A4 A ll | | | A A L ll | L A 41 4 1 ll
0.01 0.1 1
M(Ni56)/M,

Only Non-Spherical Models Seem to Reproduce Observed °°Ni/**Ti Ratios
The et al. 2006
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NuSTAR and #Ti

— Imaging in hard X-rays (3-79 keV) = #4Ti lines at 68,78 keV

* Cas A: first mapping
of radioactivity in a SNR

— Both #*Ti lines detected clearly

— line redshift 0.5 keV
— 2000 km/s redshift asymmetry

— Image differs from Fe!!

— “Ti flux consistent with
earlier measurements Chandra (Fe) vs NUSTAR (%4Ti)

— Doppler broadening: (5350 +1610) km s Grefenstette et al. 2014
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Inner Unshocked Ejecta of Cas A in IR

— S[lll] imaged from
thermal deexciations
at 907,953 nm

intersection
of cavity

Few, large cavities
blown by ®Ni




Inner Ejecta of Cas A

— **Ti imaged from radioactivity

— Fe imaged by X-ray
recombination lines

— S[lll] imaged from thermal
deexciations at 907,953 nm

Milisavljevich & Fesen 2015
IR lines (S[1I])

Chandra (Fe) vs NuSTAR (#Ti)

intersection = - Grefenstette et al. 2014
of cavity 3000

T R M Few large cavities
3 blown by °°Ni
Not all ejecta
shocked yet



SN Type la as Sources of #4Ti?
* Images vs. Energy:

— INTEGRAL/IBIS, Wang & Li 2014 - ~1.5 10> phcm™? s

01—+

s
100

— SWIFT/BAT, Troja et al. 2014 > ~1.4 105 ph cm2st "

15 - 20 keV 20 - 25 keV 25 - 35 keV 35 - 45 keV * ,;AT Survey (§10)
\r BAT Survey (B13)
== srcut model

—
S

Photon cm™ s~ keV
=
‘—* .

45- 60 keV 60 - 85 keV 85-110keV 7 —
6 107 : : ;
5 B -
4 % 4k : :
3 2 o 44— =

q e
- 2-3 g effects ” e

Enerov [keV1



Inner Ejecta Shaping by °°Ni Decay

— °°Ni energy input compressed non-radioactive materials
— Formation of bubbles around ~°Ni-rich ejecta
— Cas A: Only very few bubbles Ni in few major clumps

Milisavljevich & Fesen 2015

IR lines (S[I])

interseqtion
of cavity

-
-
wenie?

— Could this also shape SNla explosions (SN2014J)??

» few major ejecta clumps? = distinguished gamma-ray line features?
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26A|

26A| 26Mg
0.417 MeV
t=9.15s
m 0+ 0.228 MeV (T~ 410%K)
t=1.04108y
5+
2+
Y

1.130 MeV (2.4%)*

26| Decay: 2
Y
82% p*-decay (<E>~1.17 MeV) 2.938 MeV v .
18% e- - capture (0.3%)* 1.809 MeV (99.7 %)

Q=4.0 MeV (26A1-26Mg)

Photon yields: (# per decay)

0.511 MeV 1.622
1.130 MeV 0.024
1.809 MeV 0.997
2.938 MeV 0.003

* .= % are relative to one decay of 28Al
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26A| in our Galaxy: y-ray Image and Spectrum

T T T T T T T T T T T T T T T

g
)

. E=1809.09 (+0.08) p
- FWHM=0.53 (+0.34) 1
" 1=3.20 (£0.18)

(=) - -
(3} o (3}
L e e S S B B e

Intensity [10**ph cm?s™'rad 'keV™']

o
o

+ 77777777777 . il
PR R,
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Energy [keV]
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|

Current Enrlchment( My) from 26AI y-rays
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Radioactivities from massive stars: °OFe, 2°A|

Production-
Site Detail

(adapted from Heger)

. . 2204,
— Hydrostatic fusior - L s B A B S B T T TR
- fet nuelear erergy generatlon (burring plus neutring lises) inerg g 5 R
— WR wind release 20 o w0 et ot e 0
. . | ret nucle & energy 1oss (burning plus neutring Losses) L2y g" e '
— Explosive fusion B <i0" <10 <10

radiative envelope
(blue giant)

26| Production

4—'— total mass of the star freduced by mass loss e lo s

— Explosive release

15

J Mg

10 &

radial mass coordinate [Mg]

6 2 | 0 2 4 6 8
log (time before SN) [y]
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Massive-Star Groups

Voss R., et al., 2009

e We study the “outputs” f**\: : [ e
of massive stars and their 5 | ik
supernovae y

— Winds and Explosions éi

— Nucleosynthesis Ejecta

— lonizing Radiation \

* We get observational constraints frem
— Star Counts

80re [Msol]
50 5x107%107%.5x107°

= | u
— ISM Cavities [ e ionizing
— Free-Electron Emission Soh L light
— Radioactive Ejecta 3% g . |
0 5|‘.‘1O|I“15l “ZO‘I“ZS
Time [Myr .
time (My)
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Examples of Nearby Massive-Star Groups

Opportunities to test our
model for consistency

» 26A| ejecta, stars, shells/bubbles

2F Centaurus - Lupus

deZweeuw+’99 (o
49'B stars
1 SN'eéxplosien

b > 0°

66 B stars
%6 SN explosions

Hipparcos e " R e ower Centaurus - Crux

Planck Miss
#image

05 10 15 20

AKARI/Far-Infrared Surveyor

o] Tt (K ki s-1)
!

L
25 20" 215" 210" 250

Galactic longitude

Colloquium OATS Trieste (l), 25 Feb 2015 Roland Diehl



Orion: Nucleosynthesis Ejecta and ;%
Dynamics of Interstellar Medium

ISM is Highly-Dynamic = Ejecta in (Super-)Bubbles 2
— Study SpECiﬁC Regions in Detail (Cygnus, Orion, Scorpius-Centaurus, Carina)

‘ IR/molecular cloud

X-ray bubble

HD Run &x = G.5 pc; o/, = 1 300.00 Myr ;'_L°F@’"BA“_5_5‘€";§

Q s
g - b= +90°
- S Galactic Plane SEJXHI shell
} } e—1 }—» £-200°
200pc 300p¢ 400pc 500 pc
N.‘-—lozocm"

Orion A,B
molecular
clouds

Ori OB la

&G0

+10km/s

e00

Verschuur etal
200pc+ filament
OriOBlcd

Y (pe}

4060

0,050 [Myr
log 26Al [g/%n]P]

0.000 [Myr]
Iog(densgtyY[]g/cmG]

31
100 g 1 315
Q : 32
8 50 18 325
o) ’ 33
2 o
g - 335
- 50 [ i g
g 3 -34.5
: ‘100 | i -
< —h . . . . . 355
0 200 400 6C0 a0c 10G0 <100 -50 0 50 100

} -200 -100 1] 00 200
K (PC—

xpet
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Views of Objects in our Galaxy:

2OA| y-rays

* Large-scale Galactic rotation 0.8 |
0.4 ;
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The Galactic View: longitude-velocity diagrams

e excess velocity seen for massive-star ejectal
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How Massive-Star Feedback Occurs...

Assumed ~Al-mass distribution
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The Cycle of Gas in a Galaxy

* How the Galaxy’s Disk and Halo
“communicate”

— Chimneys around massive-star
groups eject gas into halo

— Constancy of Star Formation Rate

Halo star/AGN 1%
{

Cold condensed gas

pletion would be
old front (IVC-like)

y Fountain
cycle
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26A|

26 Al 26 M g
0.417 MeV
t=9.158
m 0+ 0.228 MeV (T~ 410%K)
AN ©=1.04108y T
5+
I 2+
¥
1.130 MeV (2.4 % )*
v 2
26A1 Decay: “ *
Y
82% p*-decay (<E>~1.17 MeV) 2.938 MeV ¥ .
18% e- - capture (0.3%)" 1.800 MeV (96.7% )

Q=4.0 MeV (26AI-26Mg)

Photon yields: (# per decay) L 2 L 2

0.511 MeV 1.622
1.130 MeV 0.024
1.809 MeV 0.997
2.938 MeV 0.003

* .= % are relative to one decay of 26Al
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Measuring Galactic Positron Annihilation with SPI

Knédlseder+ 2005

I Weidenspolintner+ 2008

— Annihilation g-rays are
dominated by a Bright

Inner-Galaxy Component

The 26Al e+ Produced in the
Disk (82%) are a Minor
Contribution

Galactic latitude

Annihilation g-ray Emission
Presents a Puzzle:

* e+ Sources ?

* Propagation !!

* Annihilation Galactic .ogme
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O
Understanding the 511 keV Line Emission

After 10 y of measurements and various different analyses

— Surprisingly-bright extended “bulge-like” emission
* None of the plausible candidate sources would produce this
* The centroid appears offset by ~1 deg towards 4t quadrant
e Sgr A*(?) appears to contribute ‘point-like’ emission,
but cannot explain the extended bulge

e Dark matter annihilation matches observed “bulge” emission
(but why??? There are pulsars, microquasars, SNe, ...)

Fitting a model with a disk from radio-active decay plus a bulge cor
with ' % (pp,,)" and pp,, based on an NFW dark matter pro

2 - dof”
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T T T T
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LECTURE NOTES IN PHYSICS 812

Astronomy with Summary
Radioactivities

— Radioactivity y-rays provide a unique / different view

* Yield constraints for SNe and Novae, Independent
of complexity from unfolding of the explosion

* Radioactivity traces diluted ejecta at late phases
— SNIa *®Ni and how the explosion occurs

e SN2014J reveals its *®Ni irregularly = Luck happens.

D Run & = 0.5 pe; o/agg = 1 300,00 Myr

— ccSupernova #Ti is Sensitive to Asymmetries

* Only Some SN Eject #*Ti, but then much, and clumpy

— Massive-star shell structure & evolution tests:

» 26A| as a tool; next: test groups of specific ages...

* How much ®°Fe from n captures in C and He shells?

— ISM dynamics around massive-star regions: new tools

» 25A] spreading and kinematics; e* transport
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