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Hot stars

10°

Hot star types:

10° e SUPERGIANTS “ *OB stars (normally
| ' main-sequence stars)

White dwarfs

104

10°

3 -Post-AGB stars
jg (central-star planetary
® 10 nebulae, pre-WD, ...)
§ 1 «Subdwarfs
= (result from envelope-
% 10~ stripping or merger)
T o *Wolf-Rayet stars
o Binary stripped
) helium stars (result
10 from envelope-stripping)
Credit: ESO
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' Importance of hot stars

lonizing radiation o Gravitational waves . Chemical vields °

.Reionization, IGM heating, star | Detections with LIGO/Virgo/Kagra, Universe’s metallicity evolution, stars’ '

formation, diffuse ionized gas... * LISA and other future instruments - metallicity

Uncertair: the amount and hardness of Uncer;ain: the evolutionary pathways - Uncertain: amount and composition of

ionizing emission from hot stars _ leading to GW emission past, present and future ejecta/wind

What stars caused reionization? What stars result in GWs? " How do stars pollute?
Supernovae ~ Stellar exotica '
Mechanical feedback, chemical yields -Stellar populations, metallicity impact .

gcle"t?’”-' ﬁVOlUt'On that Ieac;ls. 2 Uncertain: do we understand and have
plosion, how common certain we found all stellar exotica?

explosions are i .
» .

‘Which are the progenitors of SNe? How do exotic stars contribute?
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Nebular Hell emission — not from the most massive stars?

While WR stars are the common explanation for nebular Hell emission

Binary WR star - : : :
il 'y in distant galaxies, no evidence found from nearby source
(Sixtos et al. 2023) Only broad
wind emission
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(see also Senchyna et al. 2019, Saxena et al. 2020, 21, Schaerer et al. 2019, Stark et al. 2015...) A[A]
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Peculiar hot star found in Leo A

: . Senchyna et al.,inprep{ - Emission line star found in 0.1Z¢
- Teg =45 kK, M =5 x 107" Mg /yr, vs = 400 km/s, E(B-V)=0.02 ;
T ; galaxy Leo A

* Must be hot: CIV, Hell, NIV...

» Qutflow extremely slow: ~400 km/s

* Brightness similar to late O-stars

* Motion of ~100 km/s detected

L ————— T F——T3 @ T [T R
<6}NIV] | He IT |
< I 1.5 I
[ [ A1486 A1640 |

0 —— 0.0 |
1540 1550 1560 1630 1640 1650

(see also Gull et al. 2022, Shenar et al. under review, Groh et al. 2008, Klencki et al. 2021)
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Spectral energy distribution of hot stars

Optical and infrared colors are almost the same for hot stars — UV makes a distinction
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Spectral energy distribution of hot stars

Optical and infrared colors are almost the same for hot stars — UV makes a distinction
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Spectral energy distribution of hot stars

Optical and infrared colors are almost the same for hot stars — UV makes a distinction
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Spectral energy distribution of hot stars

Optical and infrared colors are almost the same for hot stars — UV makes a distinction
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Importance of ultraviolet



Mass loss from hot stars

Wind mass loss relevant for BH masses, explosion, X-rays, binary orbital evolution, GW mergers...

i Fitting UV spectra reveal most
S likely wind parameters
(Brands et al. 2022)
40000 50000 2000 3000
Tetf (K)

nE
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- Paul Crowther’s talk
=5

0.0 0.1 0.2 0.0 0.2 0.4 7.0 7.5 8.0
Viwindturb/V e Ve, start/ Vee log nc/ny + 12 log ny/ny + 12

(Crowther et al. 2016, Bestenlehner et al. 2014, 20, Hawcroft et al. 2022, ...)
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Stellar properties from NUV spectrum

Near-UV spectroscopy contains Hell lines useful for property determination (log g, Tef, Ysurf)

4 Mo stripped star

-.lT-I"‘vﬁ#w o ‘ e

1.5

UVEX spectroscopy

1000 1250 1500 1750 2000 2250 2500 27750 3000

Winds, metal content Wavelength [A] . Presence of stripped star
Hell series + surface gravity, helium content?
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The discovery of 10 subdwarfs orbiting Be stars

With cross-correlation using UV spectra (HST/CQOS), low-mass

stripped stars discovered to orbit rapidly spinning Be stars
(Wang et al. 2021)

UV flux contribution from stripped star: ~2-10%
Mstio < 1 M, early Be star (~8-15 M)
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(see also Wang et al. 2017, 2018 using IUE data)
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The discovery of 10 subdwarfs orbiting Be stars

With estimated masses of <1 M, mass transfer must have been
conservative (early Be companions)

(Wang et al. 2021) ® <=LARug > =
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M_'eSteiI'ar parameters of strlpped stars: Gotberg et aI.,
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The creation of a stripped star

1. Central ." 6
hydrogen fusion Or
3
5
>
-
N ©
o = . 3
2. Envelope- £ = %s )
C = 12 M®
stripping & O
> C
—
3 _
3. Helium core , o) Gé?tberg et al. (2|o17)_
e_xzoiter% e ;‘ 5.5 5.0 4.5 4.0 3.5
star ‘ log;o(Tefr/K)

<«— Surface TemperatureM(_:S A
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Where are the stripped stars?

Two stripped stars necessary for

merging binary neutron stars
(Tauris et al. 2017, Ye et al. 2020)

ZAMS l
Main sequence O O
l o Common envelope
Mass transfer o
¢ Neutron star
l He-star <@ Siidejel=lofjzla
v
Stripped star #1 He-star @ !
Stripped star #1 2 O | iy xrayoren
| IR
\/
H-poor supernova >/o\é O l /
\
<\.\\o __ H-poor supernova
| N
Q
Neutron star N O l
l \> d Double neutron star
X-ray binary z: -):NV NV @ Gravitational wave
SRt l merger
- Black hole
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Expected humber
of stripped stars

Observed number
of stripped stars

Thousands In the
Milky Way

Hundreds in the
Magellanic Clouds

(Gotberg et al. 2019,
see also Wu+19, Sana+12)

1?

(Groh+08, Shenar+23)

0
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UV excess: a way to identify stripped stars

Some stripped star systems should have UV excess
Gdtberg et al. (2017, 2018) @

| 1 1 | 1 1 I 11 |
_ Ultraviolet Optical Infrared
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_ — blocked by - &z%
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o surrounding Earth “
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10— . - 1 1 1 1 I A I
107 10° 10*

Wavelength [A]

(see also Pols & Marinus 1994, Lepo & Van Kerkwijk 2013)
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UV excess: a way to identify stripped stars

Some stripped star systems should have UV excess

Gétberg et al. (2017, 2018) ® << USR] S—
_ Ultraviolet Optical Infrared
Q
Z
= lonizing light

,_fs — blocked by
'm neutral H-gas
h surrounding Earth

=
Q
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2L
SN
<=
10—11 : :
107 10° 10%

Wavelength [A]

(see also Pols & Marinus 1994, Lepo & Van Kerkwijk 2013)
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5 Future directions

UV excess: a way to identify stripped stars

Some stripped star systems should have UV excess . U
Gotberg et al. (2017, 2018) * ey, 7 Ve

UVM2 .V
10 1 «/\-ﬁ—A
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(see also Pols & Marinus 1994, Lepo & Van Kerkwijk 2013)
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UV excess: a way to identify stripped stars
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UV excess: a way to identify stripped stars

Ylva Gotberg
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UV excess: a way to identify stripped stars

UVM2
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UV excess: a way to identify stripped stars

Ylva Gotberg
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UV excess: a way to identify stripped stars

Ylva Gotberg
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The importance of careful photometry reduction

Crowding is an issue: multiple sources interpreted as one in standard reduction routines!
Ludwig et al. (in prep.)

Moderately crowded field - Swift image

A more sophisticated technique is needed: The Tractor

Bethany
Ludwig

The Tractor forward modeling code: Lang, Hogg, Schlegel 2016

Ylva Gotberg Carnegie Observatories
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Candidate identification

Actual observations
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Candidate identification

Actual observations
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Optical spectroscopic follow-up

[Large Maglgellanic Cloud] " {Small Maglgellanic Cloud] The Mage”an B aade teleSCO pe
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Spectroscopic targets: large circles (25 stars)
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Magellan/Baade
-Photo: R. Mitnick

Discovery: Drout & Gétberg et al.,
under review, Science
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Spectral morphology

Strong Balmer lines
—» sign of B-star
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Discovery: Drout & Gétberg et al., under review



Stellar properties from spectral fitting

The stars in the spectroscopic sample have stellar properties that match stripped stars with ~2-8 M,

Jx .WR sltars :.f f‘ | | :'\;V‘R sltars-' | | . I 7
!!.‘0 [ @ °
® Q‘
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50
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Tetr [kK] Tetr [kK]

Stellar properties: Gotberg et al., under review
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Stellar properties from spectral fitting

The stars in the spectroscopic sample have stellar properties that match stripped stars with ~2-8 M,
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Stellar properties: Gotberg et al., under review
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Stellar properties from spectral fitting

The stars in the spectroscopic sample have stellar properties that match stripped stars with ~2-8 M,

1.2M
4.5M
LMC Subdwarfs SMC Subdwarfs
2 | | | | | | | | | |
110 90 70 50 30 10110 90 70 50 30 10
Tetr [KK] Tetr [KK]

Stellar properties: Gotberg et al., under review

Ylva Gotberg
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There are stripped stars sufficiently massive to

explode (Minit > 8 M5, Mue > 2.5 M,)
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Eclipsing binaries

Stripped star binaries with higher mass companions detectable using eclipses!

™ +2M, MS + stripped star binary; P = 2days
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Eclipsing binaries

Neutron star companions recognizable with ellipsoidal variations and Doppler beaming.
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Eclipsing binaries

Neutron star companions recognizable with ellipsoidal variations and Doppler beaming.

4M, + 1.5M stripped star + NS binary° FUV

T A ~4 M, stripped star orbiting a ~1 M, compact object
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Deeper imaging
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Understanding wind mass loss from hot, helium-rich stars

Order-of-magnitude increase in UV spectra!
~100 stripped stars & ~1000 OB stars
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Understanding wind mass loss from hot, helium-rich stars
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Summary: Hot stars"
- Understanding hot stars is important for understandlng lonizing radiation, supernovae

and gravitational waves

* UV Is a necessary wavelength range for tracing binary pro'ducts, stellar winds, stellar
properties...

» UV imaging is useful for distinguishing different types of hot stars, and for variability
of hot stars (eclipsing binaries)

» UV spectroscopy is important for stellar winds, surface cofposition, stellar
properties...

» UVEX will acCess: 1) the whole mass range of stripped stars, 2) stripped stars with
higher mass companions, 3) understanding wind mass loss from hot stars

Ylva Gétberg § | . Carnegie Observatories * 2
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1 Background 2 Theory of stripped stars 3 Designing a survey 4 Observations of stripped stars 5 Future directions

Peculiar hot star found in Leo A

Senchyna et al., in prep * Emission line star found in 0.1Z¢
et 3 5- Ee L galaxy Leo A
€
o N * Must be hot: CIV, Hell, NIV...
3.0
NE » Qutflow extremely slow: ~400 km/s
% 95 - . - Brightness similar to XXX
= » Motion of ~100 km/s detected
<

4000 4200 4400 4600 4800 5000

o

(see also Gull et al. 2022, Shenar et al. under review, Groh et al. 2008,&|chk| et al. 2021)
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