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Thorne-Zytkow Objects (TZOs) are a theoretical
class of star: a neutron star “core” surrounded
by a large diffuse envelope

* Thorne & Zytkow (1977)
predict supergiant TZOs (M =
1.0M,, M > 11.5M,)

* Powered by a combination \
of thermonuclear reactions ' i
and gravitational accretion

* Represent a completely new \
model for stable stellar ’

Interiors.

There has never been a confirmed observation of a TZO.




Formation of TZOs

1. Engulfing - an OB + NS HMXB; the OB companion leaves
the main sequence, evolves into an RSG, expands, and
engulfs the NS companion (Taam et al. 1978)

2. Collision - a massive binary system; one member collapses
into a NS, and supernova kick velocity propels it into the
massive companion (Leonard et al. 1994)




TZOs are...

[] cool and luminous, lying at
or beyond the Hayashi limit
for massive stars (Thorne &
Ztykow 1977)

[] strongly mass-losing as a

result (van Paradijs et al.
1995)

[] potentially more common
at low Z (Linden et al. 2010)
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The periodic table...

Perilodic Table of the Elements
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astronomers’
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The periodic table...

Periodic Table of the Elements
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TZOs are...almost indistinguishable from RSGs...

[] cool and luminous, lying at
or beyond the Hayashi limit
for massive stars (Thorne &

Ztykow 1977)
[] strongly mass-losing as a 4 ‘l
result (van Paradijs et al. pd |
1995) P
‘ ? !

[] potentially more common . .
at low Z (Linden et al. 2010) \

metallicity .

(anything beyond
H and He)




TZOs are...almost indistinguishable from RSGs...

[] cool and luminous, lying at

or beyond the Hayashi limit

for massive stars (Thorne &

Ztykow 1977) RSG surface

[] strongly mass-losing as a

result (van Paradijs et al.
1995)

[] potentially more common
at low Z (Linden et al. 2010)

He burning core



TZOs are...almost indistinguishable from RSGs...

[] cool and luminous, lying at Mo Ru Zr Li Y Sr Rb
or beyond the Hayashi limit

for massive stars (Thorne & T70 ¢ _
Ztykow 1977) surface irp-process
Wallace &
Woosley (1981)
Cannon (1993)

4 Be-transport
Cameron (1955)
Podsiadlowski
% (1995)

[] strongly mass-losing as a
result (van Paradijs et al.
1995)

[ potentially more common Li+ v
at low Z (Linden et al. 2010)

[] unique chemical profile
(Biehle 1994)

NS COI’GA




| Red supergiant spectrum
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Rb1 TT7.63 0.00
Rb1 T80 21 0.00
St 4607 34 0.00
S 07772 (LX)
Sru 321554 0.00
Srn 10036 66 .80
Sru 1032731 1.83
St 10914 88 1.80
Yu 488369 1.08
Zr 617248 015
Zr1 613418 0.07
Mot 557040 133
Ry $309.27 0.92




An effective large-scale search requires RSG samples
with well-defined physical properties...

...but red superglant spectra are dlf'ﬁcult to model .
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...and observations did not agree with theory...
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...and observations did not agree with theory...

Step 1: Blame the theorists...
- uncertain molecular opacities
- high-velocity convective layers
- highly extended atmosphere
- treatment of mass-loss, rotation effects

Step 2: ...or could it be the data?
- specifically, could it be the temperatures?



...and observations did nct 2grec wWith thcaiy...
had some problems!

* new observations
(75 Milky Way RSGs)
*new models ~_
(MARCS atmospheres)

Massey & Olsen (2003) Humphreys & McElroy (1984)

_*» temperatures used cold
_ stars at lower masses
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Spectral Type (molecular band strength) Levesque+ 2005




New Observations of RSGs
Fitting the spectra

TiO band strengths
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New Observations of RSGs

* new observations
(75 Milky Way RSGs)
*new models ~_
(MARCS atmospheres)

Massey & Olsen (2003)

Humphreys & McElroy (1984)

_*» temperatures used cold
_ stars at lower masses
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Spectral Type (molecular band strength) Levesque+ 2005




New Observations of RSGs
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Defining RSG samples

Local Group ...and beyondI

7 zz@
*NGC 6822 SMC

720147,

. Z~047, TZ-OREE

Weisenburger et al. (in prep)




Metallicity Effects

Levsque& KO-1 K2-3 K57 MO M1 M2 M3 M4 M5
Massey 2012 Red supergiant subtypes




Metallicity Effects

- Milky Way, Z=Zo
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Metallicity Effects

- Milky Way, Z=Zo
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Metallicity Effects

- Milky Way, Z=Zo
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Metallicity Effects

Levsque& KO-1 K2-3 K57 MO M1 M2 M3 M4 M5
Massey 2012 Red supergiant subtypes




Metallicity Effects

25 . . .
= Milky Way, Z=Ze
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«Years ago, Kip Thorne and myself ‘invented’
theoretical models of stars...

|Please let me know if there may be some interest in
| pursumg these lines of enqulry” Anna Zytkow

Levsque& TKO1 K23 K57 MO M1 M2 M3 M4 M5
Massey 2012 Red supergiant subtypes




We selected the most likely candidates from our
Galactic, LMC, and SMC samples...

Reobserved with both high- and

Milky Way, Z=Ze
| low-res spectrographs...

LMC, Z=0.472¢

NGC 6822, Z=0.4Z+

!égellan 5 M/MIKE"

- SMC, Z=0.27Z¢ 22 stars -

- WLM, Z2=0.1Z¢

KO-1 K2-3 K5-7 MO M1 M2 M3 M4 M5
Red supergiant subtypes




Analyses - lines of interest

b

o

7796 7400 7504 7508
Nil, Rb I, Fel

G700 4TS 6 TIO S TS
Lil -
(Cal,KI) «TZO products
5,565 5,568 5,570 3577 « “control” features

Fel, Mo | . .
©  measure equivalent width
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Analyses - equivalent widths _..---------"-- .
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' (
4(. f *Kuchner et al. (2002) adopt method of

b ] “pseudo-equivalent widths”

I

e definitions are based on the same features in each
spectrum

. all spectral features used depend on Tes...
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Ratio value
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TZO candidate
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B TZO candidate

(raw data)
P

“I don’t what it is, but I know
that I likfz it!” ~Nidia Morrell
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But couldn't it be a...

lower-mass giant star in the SMC/Milky Way?

e quite unlikely that a giant in the Milky Way halo would just
happen to match the exact motion of the background SMC

e still would not explain element enhancements

(giant stars cannot
produce Ca...

Lbut TZO
formation can!)

Tout et al. (2014)
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Effective Temperature (K)




But couldn't it be a...

lower-mass giant star in the SMC/Milky Way?

e quite unlikely that a giant in the Milky Way halo would just
happen to match the exact motion of the background SMC

e still would not explain element enhancements

foreground dwarf?
e radial velocity of 157 km st agrees with SMC kinematics
e not a flaring M dwarf; Balmer emission lasted over 2 nights

some kind of strange binary?

e not a binary within an ionized common envelope (lacks [NII],
[Oll], [Olll], etc.)

e OB companion strong enough to produce the Balmer
spectrum would produce a strong blue continuum



Properties of our TZO Candidate

¥ cool and luminous, lying at

or beyond the Hayashi limit

for massive stars (Thorne &

Ztykow 1977) "4

™ strongly mass-losing as a

result (van Paradijs et al.
1995)

IZI( potentially more common
at low Z (Linden et al. 2010)

Iﬂ unique chemical profile
(Biehle 1994)

This star represents the most encouraging
detection of a TZO to date.




The existence of TZOs would have profound
Implications for stellar astronomy.
> completely new model of stable stellar interiors

> a new fate of massive binaries
>» new nucleosynthesis channels for Li and heavy elements
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The existence of TZOs would have profound
Implications for stellar astronomy.
> completely new model of stable stellar interiors

> a new fate of massive binaries
>» new nucleosynthesis channels for Li and heavy elements

What's next?
* Compute modern models of TZO interiors

e Searching for additional candidates and proto-TZOs
¢ |dentify TZO populations in (and beyond) the Local Group

Other questions...
e what are the properties of proto-TZOs?
e what are the lifetimes of TZOs?

e what is the terminal product of a TZO?




More fun questions...

eWhat are TZO evolutionary tracks like?

eHow do they contribute to the chemistry of the universe?
eHOow many are there?

eHow do TZOs affect models of clusters? Stellar pops? Binaries?
eAre their numbers Z-dependent? Are there more at high z?...
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