Gamma-Ray Spectroscopy and White Dwarfs

- A contribution to celebrate Margarita Hernanz's Birthday
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White Dwarfs and Gamma-Ray Lines?

Candidate astrophysical processes:

— WD accretion flows
- LECRs?
Neutron capture?
- 2223 keV

— nova nucleosynthesis
— several radioactive isotopes
- 511 keV, 478 keV, 1275 keV, 1809 keV

— WDs in supernovae type la
- >°Ni decay chain
- 158/812/847/1238 keV
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2.23 MeV vy-rays from Neutron Capture
e All-sky search with COMPTEL (CGRO)

+90

+180

\

\
N

— C a n d i d a t e S O u rC e S : .w FIGURE 1. COMPTEL 2.2 MeV all-sky map derived using a maximum entropy imaging

method. The only significant source is a point-like feature near (£,5) = (300°, —30°), for

° | Galactic coord'nates which there is no obvious counterpart. This map appears nearly identical to 8 maximum
S u n/ ﬂ ares ( kn own: ) likelihood map having a likelihood threshold value of 15.

Mark McConnell, UNH - May, 1697
e Stellar flares

* Neutron star atmosphere (> red shifted)
* Accretion flow near compact stars (WD, NS, BH)
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Neutron capture

H(n,y)?D = 2223.42 keV line
— COMPTEL all-sky search

+90

/ / l \“ \Q
Magnetic White Dwarf

/ / / RE J0317-853 / EUVE J0317-85.5
B=340 MG, 12 min spin
-I_in a close binary system (200AU)

RE JO317-853 is a remarkable object within the class of -180

isolated magnetic white dwarfs. Besides being the most
rapidly rotating star (P = 725 sec) of this type it is also /
the most massive at 1.35 Mg, close to the Chandrasekhar

limit [24]. The corresponding radius is only 0.0035 Ro.|

pNA

-90
Galactic Coordinates

Mark McConnell, UNH - May, 1997
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Searching for radioactivity from 22Na

PhD Leising 1987, search with SMM (w Mike Harris+)
Models by Starrfield+, Hernanz+, ... 2 how much ejecta?

Residual spectrum Nova Cyg 1992

annel

COMPTEL search

<h

o M,,m L

Event counts per

nergy (keVv)

INTEGRAL/SPI search
by Pierre Jean+ 2002+
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Nova Nucleosynthesis

* H-burning in a runaway on WD surface

M ~10"M_y™

e Accretion of H from companion star

* Hignition 2 T~few 10K
Ar (18) |

* envelope expansion & cooling 200 |

. <!

P (15)
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22 Si (14) |

AL(13)

5 Mg (12)]
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Normal Star

Na (11) |

Ne (10) |
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B (5) 7
Be (4) 6

Li (3)
He (2) 3 4 5
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Nova Nucleosynthesis

* H-burning in a runaway on WD surface

* Accretion of H from companion star M ~10"My"

* Hignition 2> T~few 102K
* envelope expansion & cooling

CNO-cycIe (here: not in equilibrium)

Sulfur Observed !

Ar (18) | | | | (proof of rp process)
Cl(17) _j_, - 2122
s(16) [ ] 0|
P (15) 17 18 19 20
i (14) |
Al'3) 15 16
Na Yﬁf i h 13 14 Al (7x10°)
No (i'(-)) I____ - Y-ray & e*-emitter
F (9) I L1112
O (8) |
[ 9 110
8__ i
6 ! |:| short-lived y-ray & e*-emitter
|3 45
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Nova Diagnostics Prospect with Nuclear Lines
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C CO Nova . . O-Ne Nova 511 keV
- (1kpc; 0.8 M) ] i (1kpc; 1.2 M,) i

0.0001 & = 0.0001 6h
5 511 keV ] ‘
o 1078 & E > - i

~ E . ~
w B : S 108 .
PN - . ~ - :
_.6 L — — :
5 10 E : :
3 5 ] 2 ol 1275 keV]
< 1 < 3 E
2 10-7 - C - ]
b E = N ]
] 10-7 i =
10-8 - : E
10-—9 1 Lol 1 1 ] Lol 1 10—8 1 1 1|'|l.|| ||||
0.1 1 0.1 1
E(MeV) E(MeV)

/\ visual flux (arbitrary units) |
(

discovery)

— Brief flash due to e* annihilations,
with 511 keV line and * decay continuum
(before optical nova!)

— 7Be radioactivity (CO novae)
— 22Na radioactivity (O-Ne novae)

-« |1 511 keV (all nova types) .

F(phot/cm?/s)
)

1275 keV (if ONe nova)

478 keV  (if CO nova)
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CO Nova Gamma-ray Line Emission

* updates in '8F yields

.. . 10-5
(downward revision) since
1998...2007
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Nova Spectra

* Observe expanding H envelope, as it cools

— example: Nova Del 2013 S
» discovered 13 Aug
: §
» early spectra: P Cyg profiles H £
@ 001
» nebular spectra: CNO lines
g5 -
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I_> |_> 1
10 100 1000 10000
Time since outburst / days
12 " September 042013 —. | T T T T y T
|—August 15— August 16 — August 17 — August 18 Seslembem 013 1200} —October 30, 2014 ]
1'5- WWWW“M 1 1 o 7 U ol
0.5f 1 _ 1 1000¢
>3< % 0.8 | %
1.5 1 & os | & 800[
Sost T e | 04 | r
s g v | 2 %0
£1.5} 1 ¢ o ,, H L
Z0.57 1 R /N0 SV 'V NPV U WY | W
i ] Fit it i 200f
15 Hy NIl Hp [FellFell 0l | Ha
0 5 L 4 _0.2400 450 500 550 600 650 700 0 d
- . , ‘ . . Wavelongth (nm) 400 450 500 550 600 650 70
400 450 500 550 600 650 700 Wavelength[nm]

Wavelength[nm]

The Physics of White Dwarfs, Tossa de Mar (E), Jun 14-16, 2017 Roland Diehl 11



Observed Flux + offset (10! erg/cm?/s/Ang)
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Li nucleosynthesis in a nova?

"Li

ECit=T7d

> 'Be+478keV

Li, Be spectral features seen in three nova outbursts

100 RadlaJvelocny(kms ) Nova Del 2013 (V339 Del)

e kinematic calibration

e characteristic doublets

Nova Sgr 2015 (V5668 Sgr)
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Line limits on nova from SPI/INTEGRAL
* Nova Sgr 2015 (V5668), opt max 21 Mar 2015

Siegert+, in prep./2017
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Line limits on nova from SPI/INTEGRAL
* Nova Sgr 2015 (V5668), opt max 21 Mar 2015

Siegert+, in prep./2017
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Line limits on nova from SPI/INTEGRAL
* Nova Sgr 2015 (V5668), opt max 21 Mar 2015

Siegert+, in prep./2017
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Li nucleosynthesis in a nova? o
Search in INTEGRAL/SPI Ge deteg;lglrmq?‘f;a;'“mf’f“”*"”"“?"”‘””

* no y-ray signal from ’Be 2><1°*’t (S soennlo 04
— spectrum g 1><10*'—I ¥\\ _:0402 =
o S R ST
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Nucleosynthesis gamma-ray lines from a nova?
e Search in INTEGRAL/SPI Ge detector data:

Flux [phcm2 s keV™]

511 keV flux [phem™2s™ keV™']
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Pre-nova flash from * decays?

Searching the INTEGRAL/SPI database in SPI ACS

Siegert+, in prep./2017

* Nova V5668 Sgr:

Days befoge optical maxi?um [MJD—57% 02.67]

17720 e 7.2
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(}f” 16.8_— Loy —_16.8
£
O - -
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16.0_ 1 I L | I 1 1 | L 1 | I I | 1 1 1 -160
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— Rate of SPI's summed 91 BGO anticoincidence detectors
(A 0.7m?2, E>75 keV)
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Pre-nova flash from * decays?
* Searching the INTEGRAL/SPI database in SPI ACS

Siegert+, in prep./2017

* Nova V5668 Sgr:

independent check P. Jean ;% Days befoge optical maxpum [MJD- 57% 02.67]
ﬁ\\,m; T R i 7117.2
GRB? :
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Nova radioactivity: Awaiting a nearby nova

— SPI's large field of view could catch early flash

— /Be line intensity may be enhanced wrt models
— Optical lines suggest|My; ~ 7 x 107°M@|SPI sensitivity|MiB < 4.8x 10~ (ﬁ)QM@

— SPI line sensitivity

Ar(1g) | | | |
~ -5 -2 ~-1 Cl (17) _j_, - 2122
few 10~ phcm™s s ey [] > e
P (15) 17 18 19 20
22 Si (14) |
Al (13) 15 16
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Na (11) W 13 14 ¥
Ne (10)| | N
13 L
F (9) 11 12
0® [ [N

N (7) I 9 10

C (6) 8

B (5) 7

Be (4) 6 |:| short-lived -emitter
Li (3)
He (2) 345

H() |
n 1 2
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2°Al in our Galaxy: y-ray Image and Spectrum

SPl on INTEGRAL

% ¥ 2

0.5 keV binned All Sky Al Spectrum (COMPTEL map)
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[ %% =46.57 (45 dof)
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Resolving 2°Al Emission from Specific Groups of Stars

ori 0B
Col 12?@ )

1
[
1
1
1
1

Hipparcds
deZweeuw+'99
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Flux [10° phcm™2 s (0.5 keV)™"]

Resolving 2°Al Emission from Specific Groups of Stars
Prominent Groups of Massive Stars:

ori 0
Col 12T®

b > 0°

=90" |

'Hipparcos
deZweeuw+

0.5 keV binned Cygnus Al Spectrum (COMPTEL cutout)

E % -40.10 (45 00n

[ Detaction significance: 10.96 (LR-test)
F1=(92821.75)x10° phem ™5™

E E, = 1808.63:0.19 kaV

3E AWM - 3.66:0.46 ke

[ C,=(1.18:0.60)<10° phcm™ 5™ keV™'

—2§ 1 1

1
1800 1805 1810
Energy [keV]

AKARI/Far-Infrared Surveyor

1815

'99

Test our Models for Consistency
Separate WR-Wind from SN yields

Measure ejecta kinematics

Flux [107* ph cm™ s7" keV™]

S

0.

0.2

| E=1809.86 (+0.23)
| FWHM=3.04 (+0.00)

INTEGRAL/SPI
Sco-Cen Region
(Diehl+, A&A 2010)

L n n " 1 L
1805 1810
Energy [keV]
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Using the %®Al Line to Characterize the Galaxy’s SN Activity

Measured Gamma-Ray Fqu

*) better account for foreground emission

Galaxy Geometry

A 110 Kpe
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- Diehl et al., Nature 2006
- Diehl et al., A&A 2010*
- Diehl et al., in prep. (2017)*

laxy = 2.0 (+0.3) Mg

26Al Mass in the Galaxy

\\'@9

its 15259

uuuuuuu

[

\s\ I
A —
\* \ ¢ |

cc-SN Rate = 1.3 (+ 0.4) per Century

Core-Collapse Supernova Rates

SNRate [(100y)]

SN S & \@0 & @“” PGS & &
g & R,
o ‘@\‘p > » &‘é \‘&& \é— “\e}. Qp é“ Q_ Qc“@ G Qoﬂ ‘?&Q'q&* % N
BN & I 9,9 Ry IR 5
S8 S &
E G
R & <«

Star Formation Rate = 2.8 Mg/yr

Roland Diehl 25



Flux [107 ph cm™?s™ (0.5 keV)™]

C
Understanding the 511 keV Line Emission

After 12 y of measurements and various different analyses

None of the plausible candidate sources produces morphology

The centroid appears offset by ~1 deg towards 4t quadrant

The disk (now) appears quite extended > e* outflows?

Only %°Al has been established as a e* source/injector

Dark matter contributions are unlikely/small

Positron injection and annihilation probably are 'decoupled’

Injections from pulsars, microquasars (!), SNe, ..., novae, ...
all are plausible. How then the bulge enhancement?
ipa ‘ ]

[~ "Total Disk spectrum (best fit paramel

[ --- y-Continuum: A = 5561
1.0 Karrow fine: 1 A‘?
(-~ Ortho-P"

m Dsgsl

=5.5811

86+0.35, FWHMSX" = 2.47:0.51 keV, AE, = 0.16:0.18 keV —|
214325, 1, =0 92 1

H o=
IR P i

Fi S

AU S

10° 107

Exposure time at source position [sec]

511 keV narrow line flux [10™ phcm™ s7')

10
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SNe la: WDs in action. But HOW??

Consensus:
Explosion of a CO WD (C fusion)

Close/interacting
Binary System

Issues: <:-@ --------
..... 1
Flame

propagation

Binary

ﬁass Transfer

.. Nuclear Burning

SR % {7 “during accretion

Gamezo et al.
2003

Nuclear Burninhg
during collisign-

Y , He
“. WD Accretion
e Layer/Belt

- #*

SN la Central
C Ignition

He Shell
Flash

“we don’t understand SN 1a” = Progen itor d ive rSIty?

Daan et al. 2015 (Domingo Garcia-Senz, yesterday) “SD excluded (obs); DD excluded (theory)”
The Physics of White Dwarfs, Tossa de Mar (E), Jun 14-16, zéWe Sharaz, yesterday) Roland Diehl 27
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>6Nj Radioactivity Decay Chain and Gamma-Rays

° 0+
7=8.8 d e-capture (98%)
1+ Y 270+480 keV
5N O Y750 keV (50%) | | 07
2+
v 812 keV (86%)
3+
4+ Y 158 keV (100%
r=111.3 d e - capture (81%)
_decay S 3.253(8%)2.598(17%)
56Co B N 1.038(14%),
- ,?I{ YE?‘Q,"%‘ light-curve timescale (19%’E 0.6/\/’3\/) R 771(16%) Me
) : /j .‘ “stretch-factor™ corrected 4+
,. 7 1238keV (68%)
S 47 0:’."%" 2
: 847 keV (100%
optical ol (1007%)
| o Kim, ot al. (1997) 56 Fe

* Nuclear BE release 0.6Mg C,0>>®Ni: ~1.1 10°! erg (>2*BE,)
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Line flux [cm‘2 sgl]

Longterm Data: Broad Lines from ~°Co!
* INTEGRAL Obs from 31 Jan till 26 Jun 2014
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SN2014J data Jan —Jun 2014 56Co Imes

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

Flux (10 ph s™' em™ (10keV)™)
|

V)7

2 (10ke

Flux [10° ph s cm
1

— Observe a structured and
evolving spectrum

— expected:
gradual appearance
of broadened °®Co lines

* Diehletal., A&A (2015)
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SN2014)J data Jan —Jun 2014: 847 keV ~°Co line
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—>Compare
high/low res data of &
to models 0

— 2°Ni mass (fitted): 0.49 +000 Mg

(cmp from bol. Light > 0.42 +/0.05 |V|@
frommodels > 0.5 403 |V|@
* Diehletal., A&A 2015
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SN2014J: Early 6Ni %4, %

Spectra from the SN position %,

— Clear detections of the two strongest lines expected fron? %
with the INTEGRAL Spectrometer ‘SPI’ @@%@@y
15 R:evo!utit)ln 1:'380 """"""""""""""" 15 Revolutlon 1380 """""" ————— 4
[ 158 keV intensity: 1.10+0.42 i I Intensnty 1904066 812 keV )
Centroid: 159.43+0.37 keV 3 Centroid: 811.84 +0.42 keV
— 10F FWHM:  1.77keV (fixed) | — 10 [ FWHM: 2.23keV (fixed) ]
> + 390 | 3 | 310 ]
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Energy [keV] Energy [keV]
— Intensities:

(1.14 +0.43) 10 ph cm™? s (158 keV line)
and (1.91+0.67) 104 ph cm2 s (812 keV line)

- 56Ni mass estimate (backscaled to explosion). ~0.06 M@

Diehl+ Science 2014

The Physics of White Dwarfs, Tossa de Mar (E), Jun 14-16, 2017 Roland Diehl 32



Another analysis of SN2014J SPI data...

- a broad
56Nj 158 keV line @

56Nji mass estimate

axlo-oIIIIIIIIIIIITIIIIY‘I

/
revs, 1380-1386 ?“

2x10-%
L]

(backscaled to explosion)

~0.08 M,

10-%

Broad-bin analysis,
convolving SN la model spectra
(i.e. model dependent)

flux (ph/s/em®/keV)

Isern+ A&A 2016
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Line Uncertainties: Search and method biases

Revolution 1380

b Them e "1 Random Search: Try to Fit a Line
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B e and on fitting approach,
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Line Uncertainties: Search and method biases
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20

_
(6]

FWHM [keV]
>

15

—_
o

Revolution 1380

(6}

o
T T

T

—T 7
Intensity: 1.10 +0.42

T

Centroid: 159.43+0.37 keV T

FWHM:  1.77 keV (fixed)

|
[$)]
T

LN
o
—

The Physics of White Dwarfs, Tossa de Mar (E), Jun 14-16, 2017

L | " L PR | " L s " 1 PR " L | " L | -
150 155 160 165 170
Energy [keV]
T T

5

®

2

8

- 1%
2

7]

P L PR | L L | I PR PR
150 155 160 165 170
Energy [keV]

Random Search: Try to Fit a Line
(Centroid,Intensity, Width)

7« Depending on resolution
of the analysis method,
and on fitting approach,
results may differ

““”“Narrow line, ~unshifted,
is most likely

(from data analysis alone; no model)

“"Underlying broad line
cannot be excluded
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SN2014J: An unusual explosion?

A belt of He accreted from the companion star > He explosion
. )
SN 2014J had triggering the SNla explosion of the CO white dwarf (M<M,,)

significant >°Ni A
to observer I
near the surface

|
Possible geometries of outer *°Ni: |, T I
L inner *°Ni I
v/ cos O (0pt. thiCk)
IZAv-t
li.niotl S6Ni bE't
e (opt. thin) } <5000 kms™
=axis of
| symmetry
Isern+(2016) Diehl+ Science (2014) ! ~20,000 km g”!
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Summary: White Dwarfs and Gamma-Ray Lines?

— WD accretion flows
- LECRs / neutron capture
not seen

— nova nucleosynthesis
— short-lived radioactivity close |
to detection

- long-lived radioactivity & e*
not distinguishable

keV flux [ph cm?s™" keV™"]

inner *°Ni
(opt. thick)

— WDs in supernovae type la woa
— DD's: He accretion may be
an important ingredient

} <5000 km s

~20,000 km s~!
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