,* SNR 0509-67.5
(HST/AES)

Electror —Ion Therm'al Equ111brat10n in
s Coll1s10nless Shocks |

-

iy W Parviz Ghavami’an

(Towson University, Maryland U S.A ),

TSVPERNOV A keMNANTs}'

AN OPYSSEY IN SPACS ARTSR STELLAR PSATH |
R g D 11JUNE 2016, CHANIA CRETE, GREECE |










Shock Basics



Balmer-Dominated Shocks

 Non-radiative shocks in
partially neutral gas produce
optical spectra dominated by
Balmer lines of H

Narrow line width ~ preshock T
- - I (and Pmax for CRS)

- Slow, ambient H [ rapidly *

ionized away Broad line width ~ T

6563

-Fast H I forms by charge

exchange (pickup ions also huire,

formed) e — 027 i} Visu

Collisional excitation of fast [; ~ 5x10°¢ ( = ) Ve
lcm=—3 1000 km /s
and slow H I produces
broad and narrow Balmer ergs cm2 5! sr!

lines :
(faint!)



How Are Electrons Heated Relative to Ions?

4
= S’?I}EAM Kinetic Energy

e O

@ O ® strong shock

PLASMA IﬁS’I’ABILITES jump conditions
— O for ideal gas

WAYEg‘
\/
i \In/2 =—4-n

ik H%qz‘lye}/ 16) M; Vsh?




Slow Coulomb Equilibration
Example: Vsu = 2500 km/s, p (2Te/Tp) = me/myp

frr = 0.5 n=1cm3

3 p
7 :
< teq(e-p) >> tSNR ]
—
O
o b .
5
Balmer emission layer
4 TR ST ST e e EE e 2 21 PR T S S S S
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Postshock Distance (10" cm)
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. protons

. broad neygrals alpha particles

hydrogen atoms

A

)

! singly-ionized
helium
beginning of end of
transition zone transition zone

van Adelsberg et al. (2008)
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Observables in Balmer-Dominated Spectra

Nikolic et al. (2013): IFU obs.
SN 1006 T
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Models




Latest Models Predict a THIRD Ha
Component!

e Neutral return flux (NRF) upstream deposits energy ahead of
shock, creating an intermediate width Ha component

e Typical AVin ~ 200-300 km/s: may be blended with narrow
component at low spectral res observations (Morlino et al 2012)

T T R s T e ] T e TR ] e e I, i R R | R atal.(2012)
AO0 ;o

Intermediate bdown= m%/ msa — Morlino et al.
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AV vs Vsu Plot Affected By NRF Too: SN 1006 Again

Morlino et al. (2013)
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The NRF Also Affects I/1.

1. S —
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Recent I,/1I, Calculations Include the

Unresolved Intermediate Co

Morlino et al. (2012): NRF but not CR modification
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Trends in T/ T,



Observing Many Balmer SNRs Gives Pdown ~ Vsu2
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A Possible Explanation May Lie in the CR Pecursor

shock jump
T T AL
—= = 16 - sh —— (E, n, B)
TP 1_6mpvsh
AE,
= im U2
RS With CRs/Reflected Ions
1
X == L VAV
/U waves
sh AV aVe
* A constant heating AE. would = o
reproduce what we see
~ Kcr/ VsH

e Suggests a AE. occurs ahead of
the shock...



How to Get this Trend?
One Possibility: Lower Hybrid (LH) in the CR Precursor

/ magnetic field / magnetic field
— amplification

Fficati
amplification > SB <

>

N

(CR-driven Altvén waves) T /\
5 - /\[ﬁ/ 'l L
B B
LH waves:
k”/kL=me/mp /4
electron
electron WLH = (€2 Qp)l/ 2 neoting (GO7; Rakowski et al. 2008)

heating

e LH waves can bulk heat e's parallel to 0B
* AEe = YameAve? X Qe kcr ~ constant (for k. X1 /B)
AEe ~ 0.3 keV (const)




Baown at Saturn’s Bow Shock From Cassini
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AT,

1

=

X 1/MA

(Schwartz et al. 1988)
(Ghavamian et al. 2013)
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New Observations



New Observations of Balmer-Dominated Filaments
in the Cygnus Loop

L e AV ~ 300 km/s [ i s
/1. ~ 0.65

000 I

c_

AV ~ 270 lems [
P s Iv/In ~ 0.9

."5‘? ; .

1000

-
N -
: ‘!\"

AV ~ 140 km/s |

. o’y L
.y y w _.' - £ - . - e o o ® .
] . . » e .'. . ‘o
2 ™ - - ® - . .
1IN # o . ¥ .' ° ' - ,-:. v -'
» . .o
<2y T 0% o Tis  Dul BYe
. . A | ) 28 . S XAT 0.
® v il ] B ¥
: .. T . .-
. . ¢ LY & - . - . .
Ibﬂn % 0034 : - < ‘ i 4y R Tl ’
- 4 ‘> o' . v .. . - 2 . -
AN . n o * - . > ~ o, N + 2 Les® Q
. . e . . : ex' % -l . o O % p . . ~ 3 )
. S . ' . ® ia . 3 . 1 . ) B 5 s . s
L ’ - \ .. R Lon by Y, - P T .~ « 1% 9 ‘e 4
' . ' - . d ’- - e - : N~ .- - * ‘e ~ > » ™
. ) [ + . : - o, y < el - . - W ot st i
. 2 J - . % i w® - .
. . . " . - :
3 - G 22 g . . B . ' y - .
" . r - ’ R L At o K .- > . ot ag) o " ' -
. . g ¥ o - - - - 3 - - '
X » . - . . - . L
-y S - . 3 = 4 . «r 2
o Te " ’ P . = :
. . . . - . LN | -
- a . o . - -

o 20 100 0 100 200 300

Velocity (kms ')

.--,-o .‘ . '. 1

o0 s
| Sive o

'_"5 arcmm : / 2 -

P——

* Comparison to shock models indicates Bdown ~ 1
1000 |
* These It/I, cannot be matched by any existing ol %A%
)) 0

models, and haven’t even been calculated in the

latest ones (e.g., van Adelsberg et al. 2008, o a1

Morlino et al. 2012, 2013) " Velocty (ams )
Medina et al. (2014)

or




First Detection of Broad Ho in the Galactic SNR
G156.2+5.7
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First Detection of Broad Ho in the Galactic SNR
G156.2+5.7

G156.245.7 Balmer—Dominated

6 Positions 1+2 _

— -
4— .
- .

4

- -
- .

Ghavamian &
Raymond (2016,

in prep)

20 Position 6

Flux (107" ergs em™@ s™' &™)

6560 6580 6600 6620

Wavelength (A)

6500 6520 6540

AVii2 = 490 km/s; In/In = 0.65
AVe ~ 235 km/s; In/In = 1.2
Positions 1+2: Measured I»/In too low for shock models
470 < Vsu < 600 km/s
(Agrees w/Vsu from Ha proper motion: Katsuda et al 2016)
Position 6: Bdown = 1; Vsu = 300 km/s




G156.2+5.7 in WISE 22 um Dust Emission

Work by Towson U. undergrad Jason Powell

Ghavamian

& Powell
(2016, in
prep)




Conclusions

e Balmer-dominated shock models have become much more
sophisticated, including momentum feedback from NRF, CR back
pressure,...

e This also muddles the picture a bit on measuring Te/Tp, though it
seems ecr = 0.2 can be accommodated

e Ip/In predictions have not yet been published for NRF + CR
modification

°Ip/In for Vsu < 1000 km/s have not been attempted since GOIl.

Crucial for interpretation of Balmer spectra in Cygnus Loop,
G0 2+5-F5

* [y /In are problematic at low shock speeds. Often too low.

 Does the equilibration-shock speed trend hold for fully ionized
shocks too? Need proper motions for SNRs in FULLY PRE-
IONIZED gas with well-determined distances (LMC/SMC) to get

VshH, along with X-ray spectroscopy (Te) and UV spectra (Te and Tj)

* Jon-ion equilibration studies sorely needed too. Needs UV.
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Additional Methods of
Estimating T./T,



In Situ Solar Wind Measurements
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Te/Tp from Combined Optical/X-ray Studies:
DEM L71 in the Large Magellanic Cloud

Hughes et al (2003)

- Optical data give broad Hoa FWHM, | ]
limiting range of Vsnu s |

- X-ray spectra at sequence of positions
behind shock gives evolution of Te due |
to Coulomb collisions + adiabatic 0.001 F
expansion (Rakowski et al. 2003) i

¥
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First Measurement of T./T; in an Ejecta Shock
(Yamaguchi et al. 2014)

Tycho’s SNR
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e V... ~4000 km/s; Mach number should be ~ 100

e No significant magnetic fhield expected in expanding Fe-rich ejecta



