
Remnants

Supernova
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2000 km

Figure 3. Visualization of the delayed detonation simulation at the onset of the
detonation phase: 0.72 s (top left), 0.80 s (top right), and 0.90 s (bottom) after
the ignition of the deflagration flame, which is shown as a blue isosurface.
The detonation front is indicated by the white isosurface and volume-rendered
(yellow/orange) is the density of the exploding WD star. (See also the animation
available from stacks.iop.org/NJP/10/125009/mmedia.)

deflagration flame only: the patch where it first enters the distributed burning regime. The
subsequent snapshots show how the detonation wave propagates and wraps around the ash
structure from the deflagration phase. It burns out the funnels of fuel in between the ash
bubbles and therefore leads to a more homogeneous composition of the supernova ejecta than
the deflagration model discussed above.

Simulations such as presented here allow us to study whether delayed detonation scenarios
are capable of producing models in better agreement with SN Ia observations. In fact, by
assuming that the ignition of the initial deflagration is a stochastic process which may sometimes

New Journal of Physics 10 (2008) 125009 (http://www.njp.org/)
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On supernova-induced hypervelocity stars 3

Figure 3. Ejection velocities of G/K-dwarf companions, v2 plotted as a
function of the ejection velocities of the newborn NSs, vNS. The plot shows
104 SNe whereas the legend numbers are based on 106 SNe. The plot was
calculated for M2 = 0.9 M⊙, w = 1000 km s−1, MHe = 3.0 M⊙,
MNS = 1.4 M⊙, ESN = 1.23 × 1051 ergs and r = 3.0 R⊙.

Figure 4. Ejection velocities of G/K-dwarf companions plotted as a func-
tion of the kick direction angles, θ and φ. The colours represent the resulting
ejection velocities, v2 varying between 87 km s−1 (red) and 839 km s−1

(blue). The plot was calculated for the same initial parameters as in Fig. 3.

3.1 Dependence on kick direction

In Fig. 4, we show that the value of v2 is highly dependent on the
direction of the kick imparted on the NS. The white area in the
middle corresponds to cases where the newborn NS is shot into the
companion star and the system is assumed to merge. For highly
retrograde kick directions (θ → 180◦) the systems remain bound,
hence the white area at the top of the plot (the shape of which de-
pends on r and w). The SN-induced HVSs with the largest values
of v2 are ejected close to the plane of the pre-SN binary (φ = 0),
causing their spin axis to be almost perpendicular to their velocity
vector. While the kick angle φ is chosen randomly, the polar kick
angle, θ is weighted by sin θ in order to obtain an isotropic kick
direction (see fig. 1 in Tauris & Takens 1998).

3.2 Dependence on pre-SN parameters

As already hinted, besides the kick w⃗, the value of v2 also depends
on pre-SN parameters, in particular the pre-SN orbital separation,
r and the mass of the exploding star,MHe (see also Eq. B3). This
is demonstrated in Fig. 5. The value of v2 decreases both with in-
creasing values of r and decreasing values of MHe. On the other

Figure 5. Simulated ejection velocities of G/K-dwarf star companions
(M2 = 0.9 M⊙) as a function of the pre-SN orbital separation, r (solid
lines) and mass of the exploding star,MHe (dashed lines). Here we assumed
w = 1200 kms−1, ESN = 1.23 × 1051 ergs and MNS = 1.4 M⊙.
The blue and red lines represent vmax

2 and ⟨v2⟩, respectively.

hand, the dependence of v2 on the explosion energy, ESN is quite
weak. For example, using a constant w = 1200 kms−1 and in-
creasing the value of ESN from 1.23 to 8 foe, only causes vmax

2 to
increase by ∼ 6 per cent from 891 to 943 kms−1. The reason for
this is that v22,orb ≫ v2im despite the increase in ESN.

We emphasize that our aim here is solely to calculate vmax
2 .

The general values of v2 are expected to be much smaller. Al-
though a detailed population synthesis is beyond the scope of this
Letter, we made a simple test and found ⟨v2⟩ = 168 km s−1,
if we choose r randomly between 3 and 30 R⊙, and only apply
w = 450 kms−1.

4 DISCUSSIONS

We have investigated the maximum runaway velocities of SN-
induced HVSs. However, one must bear in mind to add the Galactic
rotational velocity (typically of the order of vrotGal ≃ ± 230 km s−1)
at the birth location of the binary system. Hence, in the Galactic rest
frame we obtain vmax

2,grf ≃ vmax
2 + 230 kms−1.

4.1 B-type HVSs

From our simulations we find that only under the most extreme
favourable conditions (with respect to r, w, θ, φ, MHe and ESN)
is it possible for a late-type B-star (∼ 3.5 M⊙) to achieve vmax

2

up to ∼ 540 kms−1 (in those particular cases vim = 110 kms−1

and the final post-ablation stellar mass is ∼ 3.24 M⊙). This value
implies that vmax

2,grf ∼ 770 kms−1. Therefore, any observed B-type
HVS which does not exceed this velocity at its origin, and whose
trajectory does not point to the central SMBH, could potentially be
the result of a disrupted binary. However, we caution that the effect
of adding vrotGal is less important for the HVSs high in the halo and
also note that these stars lose some of their kinetic energy along the
trajectory to their current location.

Finally, we have investigated disrupted binaries with early,
massive B-star companions (10 M⊙). Here we find vmax

2 ∼
320 km s−1, corresponding to vmax

2,grf ∼ 550 kms−1, a signifi-
cantly lower value compared to the late-type B-stars.

c⃝ 0000 RAS, MNRAS 000, 000–000

Taurus 2015

uncertainties ~ 1 km/s

uncertainties ~ 20 km/s

Sun like star @ 3kpc 
with HST ~10 years
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However ...

Z.W. Liu 2013 see also Pan+ 2012a

A&A 554, A109 (2013)

Fig. 12. Panel a) distribution of rotation velocity versus mass of the
companion stars at the moment of the explosion as obtained by Han
(2008). The number of systems decreases from the inner to outer re-
gions. The blue area contains 50.0% of all stars, blue plus green 68.3%,
and so on. Panel b) as panel a), but now the distribution is shown after
the impact. The distribution is shifted to lower rotational velocity and
slightly lower masses. The unbound mass stripped by the SN impact is
calculated by using Eq. (2) of Liu et al. (2012), and the post-impact rota-
tional velocity of the companion star is computed employing the linear
relation shown in Fig. 13 (see text). The location of Tycho G according
to Kerzendorf et al. (2009, 2012) is shown with the error in black as-
suming a solar mass star with 5% error (Ruiz-Lapuente et al. 2004) and
an inclination angle of i = 60◦. The black square gives the location of
Tycho G for an assumed inclination angle of i = 30◦. The red vertical
dashed line corresponds to the lowest rotational velocity covered by our
hydrodynamical simulations (i.e., MS_081 model in Table 1).

Kerzendorf et al. (2009, 2012), the location of the rotation of the
star Tycho G is shown with black error bars. Clearly, because of
the bound rotation before the impact, Tycho G is far away from
the allowed region.

Next we estimated the rotational velocity of the stars shown
in Fig. 12a after the impact. To obtain the distribution of
rotational velocities of surviving companions after the SN Ia
explosion, we re-performed 1D consistent binary evolution cal-
culations to construct the structures of the companions, obtain-
ing additional three consistent models named MS_081, MS_131
and MS_160 with different rotational velocities of 81 km s−1,
131 km s−1 and 160 km s−1 (see Table 1). We then used these
three models as input into our impact simulations to investigate
the dependence of the rotational velocity of companion star after
the impact on its value before the explosion. The properties of all
companion models are shown in Table 1. We find that to a good
approximation the post-impact rotational velocity of star scales
linearly with the pre-explosion velocity, as is shown in Fig. 13,
and can be fitted by

V f
rot = 0.52 · VSN

rot − 29.8
!
km s−1

"
, (2)

Fig. 13. Initial rotational velocity at the moment of the SN explosion
VSN

rot versus rotational velocity after the impact V f
rot for four different

MS companion star models (see Table 1).

where V f
rot is the post-impact rotational velocity at the end of the

simulations, and VSN
rot corresponds to the star’s initial rotational

velocity at the moment of the explosion.
Previously, Liu et al. (2012) found that the unbound mass

of the companion star caused by the SN impact is strongly de-
pendent on the ratio of separation to the radius of the compan-
ion star, af/R2. This relation can be fitted by a power law if the
effect of the different structures of the companion stars is ne-
glected (see also Marietta et al. 2000; Pakmor et al. 2008; Pan
et al. 2012b):

Mstripped = C1

#
af

R2

$β
M⊙, (3)

where C1 is a fitting constant that depends on the different com-
panion star models. The parameter β is the corresponding power-
law index.

Therefore, adopting the power-law relation (see also Eq. (2)
of Liu et al. 2012) and the linear relation (2) obtained from
the data shown in Fig. 13, we calculated the final bound mass
and the post-impact rotational velocity of surviving compan-
ion stars based on all companion models from the population
synthesis study of Han (2008). The results are presented in
Fig. 12b. The location of Tycho G is also shown with a black
error bars. Here, we assumed that Tycho G is a one-solar-mass
star (Ruiz-Lapuente et al. 2004) and its rotational velocity is
6 ± 1.5 km s−1 (Kerzendorf et al. 2012). Figure 12 shows that
Tycho G is located in the outer region of 95.4% of all systems,
which casts doubts on Tycho G star as a promising candidate in
SD progenitors of SNe Ia.

However, it is not possible to exclude the star Tycho G com-
pletely for several reasons.

1. The errors shown in Fig. 12 are based on an assumption
that Tycho G is a one-solar-mass star (Ruiz-Lapuente et al.
2004). However, it is very difficult to determine the actual
mass from the observations. Therefore, Tycho G should be
located in the vertical gray strip at its given rotation veloc-
ity in Fig. 12b. If Tycho G is a 0.6−0.7 M⊙ star rather a solar
mass star, it could more likely be a candidate for the compan-
ion star of SN 1572 in the SD scenario. Moreover, the errors
given in Fig. 12 are based on the assumption that the ob-
served rotational velocity of Tycho G is reduced by an incli-
nation angle of 60◦. However, if the inclination angle is 30◦
instead (see black square in Fig. 12b), the true rotational ve-
locity of Tycho G would be higher, thus supporting the in-
terpretation that it is the surviving companion of SN 1572.

A109, page 10 of 12
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Marietta et al. 2000 
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Searching for survivors



Tycho’s remnant 
A good example

Ruiz-Lapuente et al. 2004 
Gonzalez-Hernandez et al. 2009 

Kerzendorf et al. 2009 
Kerzendorf et al. 2014 

Bedin et al. 2014 



Reynoso+ 99
Hughes+ 00 
Warren+ 05

Xue & Schaefer 15see Williams talk



Identify candidates



Ruiz-Lapuente+ 2004

30 arcsecond roughly 1000 km/s

The Candidates

~600 km/s



Proper Motion 

Kerzendorf+ 2013

see also Bedin et al. 2014

(114 Stars)



Spectroscopic modeling

StarKit - starkit.readthedocs.org
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Photometry Spectroscopy



Radial Velocity

Kerzendorf+ 2013 / Gonzalez-
Hernandez+ 2009



Tycho B



Tycho B

• A-Star 10,000K

• [Fe/H]~-1

• v rot=170 km/s

• low-res Observations

• => log(g) = 4.1

H-epsilon

Weak ca k line


Kerzendorf+ 2013



Where is it?

SNR

Tycho-B Tycho-B Tycho-B

HST GO-13432
PI Kerzendorf

see also 
Winkler et al. 2005 
Ihara et al. 2007 



Kerzendorf et al. in prep.

preliminary!!!
— Tycho B spectrum model

model

Model absorption features
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Tycho’s Six

unusual kinematics
no rotation
off-center

unusual star
close to center
high rotation

normal kinematics
probably 

foreground

No unambiguously identifiable companion 
Kerzendorf+ 2013
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Hunting Grounds

• Ω

Sun

NASA

SN1006

Tycho (SN1572)

Don't count on it: 
Gonzalez-Hernandez+ 2012,  

Kerzendorf+ 2012

Kepler (S
N1604)

Outlook not so good:
Kerzendorf+ 2013b

priv. comm. Ruiz-Lapuente
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Magellanic clouds are 
perfect

• little extinction 

• large distance 

• known velocity & different from Milky Way 

• -> separate interlopers!



Schaefer & Pagnotta 2012
Edwards, Pagnotta & Schaefer 2012

talk by L. Hovey
later today



Magellanic Cloud Supernova Remnant Companion Survey 

Kerzendorf, van Kerkwijk and Badenes in prep.



The survey
• 22 remnants (regardless of type) 

• 153 Companion Candidates of all stars L>100 Lsun! 

• 484 Calibration Stars! 

• 4 spectra each: 

• GMOS B600 & R400 (3500 - 9000 A) 

• R ~ 1000



The Type Ias



J0509.0-6844 
(N103B)

See talk by Williams
See talk by J. Li

later today



Hendrick et al. 2003
Borkowski et al. 2006

Williams & Chu 2005

Kerzendorf et al.  2016 (in prep.)

L>30 Lsun!!



Summary



A futile search?
• Type Ia  

• don’t seem to have bright survivors (9 remnants)  

• or they hide well 

• double degenerate or alternate scenarios 

• some unambiguous candidates 

• just at the beginning



Some success
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J0459.9-7008 Candidates

100 Lsun @ LMC
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Runaway in S147 3

Figure 1. The 4.8 � ⇥ 4.1 � H↵ image of SNR S147 taken at the University Observatory Jena. The green cross represents the pulsar, the cyan cross shows
the GC of the SNR and the yellow circle is HD 37424. The yellow vectors show the proper motion of the objects. The red box is the zoom–in area shown in
the right panel. The white arrows are the tracing back cones of the proper motion for 29300 yr. The angle between the pm vectors is 139� � 148� In 2–D
calculations, both objects come towards each other as close as 0.126 pc which means that they have a common origin; binary supernova disruption.

of the filamentary knots in Lozinskaya (1976); Kirshner & Arnold
(1979). However the pulsar–SNR relation indicates an age of 30±
4 kyr(from the travel time from the GC to the present position)
(Kramer et al. 2003; Ng et al. 2007). For a distance of 1.3 kpc, and
an angular diameter of 200 arcmin, the radius (R) of the SNR is 38
pc. Then, assuming an age of 30 kyr, the remnant is in its Sedov
Phase having a blast wave velocity of 500 km s�1. The estimated
explosion energy is between 1�3⇥1051 erg and the corresponding
inter–cloud gas density is 0.03�0.1 cm�3 (Katsuta et al. 2012).
The SNR is expanding in a low density medium, probably in the
cavity generated by the progenitor.

The central source, PSR J0538+2817, is an extensively stud-
ied radio and X–ray pulsar located at ↵ = 05h38m25.1s, � =
+28 �17009.200, ⇠28 arcmin away from the GC towards north. The
143.16 ms period and 3.67⇥10�15 s s�1 period derivative (Ander-
son et al. 1996) imply a characteristic age of ⇠620 kyr which is
⇠20 times larger than its kinematic age of 30 kyr. This discrep-
ancy is explained by either a long initial spin period of P0 = 139
ms (Kramer et al. 2003) or strong magnetic field decay (Guseinov
et al. 2004c). The parallax distance was measured as 1.47+0.42

�0.27

kpc (Ng et al. 2007) and 1.3+0.22
�0.16 kpc (Chatterjee et al. 2009)

and the dispersion measure (DM) distance is 1.2 kpc (Kramer
et al. 2003) by using the NE2001 model of Cordes & Lazio (2002)
which are consistent with each other. The most precisely measured
proper motion is µ⇤

↵ = �23.57+0.10
�0.10 mas yr�1, µ� = 52.87+0.09

�0.10

mas yr�1 corresponding to a transverse velocity of 357+59
�43 km s�1

at 1.3+0.22
�0.16 kpc (Chatterjee et al. 2009). Although it presents no

clear �–ray emission (Katsuta et al. 2012), the pulsar is observ-
able in soft X–rays due to thermal emission. PSR J0538+2817 is
famous for being one of the few thermal pulsars: Based on a black-
body model, the surface temperature and the emitting radius are
given as T= 2.12 ⇥ 106 K and R= 1.68 ± 0.05 km (McGowan

Table 2. BVJHK (in mag) and pm (in mas yr�1) values of HD 37424.

Parameter Value
B 9.062±0.017
V 8.989±0.019
J 8.666±0.017
H 8.696±0.026
K 8.699±0.019
µ⇤
↵ 10.8±0.8

µ� -10.2±0.6

et al. 2003). The hydrogen atmosphere model with B= 1 ⇥ 1012

G gives T= 2.12⇥ 106 K and R'10 km (Zavlin & Pavlov 2004).
A faint pulsar wind nebula is observed in X–rays but not in radio
(Gaensler et al. 2000). It is not known whether the observed elon-
gated structure is the torus or the jets of the PWN. But assuming
that it is due to the torus, it provides valuable information on the
spin–kick alignment.

HD 37424 is a sound OB runaway star at 10.3 arcmin
away from the GC to the west at ↵ = 05h39m44.4s, � =
+27 �46051.200. Photometric and kinematic information on the star
is given in Table 2. While proper motion values were retrieved from
the UCAC4 catalog (Zacharias et al. 2012), the photometric mag-
nitudes are obtained from the ASCC-2.5 V3 catalog (Kharchenko
2001). Its spectral type was previously identified as B0.5/1 IV/V
(Clausen & Jensen 1979). As there was no public data nor a vi-
sualized spectrum, we established the spectral type again by tak-
ing a spectrum. The star has a very high proper motion compared
to other early type and possibly distant stars. There is no reported
variability or binarity in the literature. Hence, HD 37424 is a good
OB runaway star candidate.

c� 2014 RAS, MNRAS 000, 1–10

Dinçel et al. 2015

talk by Dinçel
later today



The fastest star in the 
Galaxy

Geier et al. 2015

Galactic Center

suggested origin of star



Extragalactic success 
stories to come

… from Schulyer
… after the break



Thank you


