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Young pre-MS stars in an OB 
Association

Upper Scorpius

Upper Centaurus-Lupus

Lower Centaurus-Crux

~200 Candidates 
identified by 

spectroscopy 
and proper motion 
(Mark Pecaut, PhD 2013)



Pre-MS Candidate J1407 
(1SWASP J140747.93-394542.6)

(kinematic distance)d = 133± 12 pc

Mamajek et al. (2012)



Photometry consistent with UCL subgroup age 
(~16 Myr)
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Fig. 1.— Observed photometry for J1407 taken from Table 3
(filled circles) compared to the spectral energy distribution for a
lightly reddened K5 dwarf with E(B-V) = 0.09 (red dashed line).
We have assumed that the Ks minus WISE band (W1, W2, W3,
W4) colors are zero.

Centaurus-Lupus (UCL) subgroup of the Sco OB2 as-
sociation (de Zeeuw et al. 1999), and its proper motion
is statistically consistent with moving towards the UCL
convergent point (negligible peculiar velocity of 0.9± 1.8
km/s), with a kinematic distance of 128± 13 pc (simi-
lar to other UCL members)9. Using this distance, we
place the star on the HR diagram, see Figure 3 (log T ,
logL/L⊙ = 3.66, -0.47). Factoring in the ±0.11 dex un-
certainty in log(L/L⊙), dominated by the distance un-
certainty, the isochronal ages and their uncertainties are
listed in Table 4. Factoring in previous age estimates
for the UCL subgroup (see summary in Mamajek et al.
2002), and new age estimates using the F-star MS turn-
on (Pecaut, Mamajek, & Bubar 2011), we estimate the
mean age of UCL to be 16 Myr with a ±2 Myr (68%CL)
systematic uncertainty. The isochronal age for J1407
is consistent with this value, hence we adopt the mean
UCL age as the age for J1407. Three sets of evolutionary
tracks predict similar masses for J1407: ∼0.9 M⊙ (listed
in Table 4).
The kinematics of the star, rotation period (as dis-

cussed below), X-ray emission, and its preliminary HR
diagram position, are mutually self-consistent with the
interpretation that this star is a nearby (distance ∼ 130
pc), ∼ 107 year old, solar-mass pre-main sequence (Pre-
MS) star.

3.2. Light Curves

The V-band light curve for J1407 during the year
of 2007 from the All Sky Automated Survey (ASAS;
(Pojmanski 2002)) and SuperWASP (Super Wide An-
gle Search for Planets) surveys is shown in Figure 4.
The SuperWASP survey is an ultra-wide field (over 300
sq. degrees) photometric survey is designed designed to
monitor stars between V ∼ 7 – 15 mag to search for

9 The distance and peculiar velocity were calculated following
Mamajek (2005), using the UCAC3 proper motion for J1407, and
the updated estimate of the mean space motion for UCL from Chen
et al. (2011): (U, V, W) = (-5.1±0.6, -19.7±0.4, -4.6±0.3) km s−1.

Fig. 2.— Comparison of CTIO 1.5-m red optical spectrum of
J1407 to CTIO spectra of four spectral standard stars from Keenan
& McNeil (1989): TW PsA (K4V), N Vel (K5III), HD 36003
(K5V), and GJ 529 (K6Va).

Fig. 3.— HR diagram position for star J1407 with isochrones in
log(age/yr) from Baraffe et al. (1998) overlain.

TABLE 4
Isochronal Age and Mass

Estimates for J1407

(1) (2) (3)
Age Mass Models
Myr M⊙ ...

23+14
−9 0.90± 0.08 1

27+15
−10 0.89± 0.07 2

14+11
−6 0.86± 0.06 3

Note. — References for
the models are as follows: (1)
Baraffe et al. (1998), (2) Siess
et al. (2000), (3) D’Antona &
Mazzitelli (1997).

transiting extrasolar planets (Pollacco et al. 2006). The
public data archive of SuperWASP photometry is de-
scribed in Butters et al. (2010). The SuperWASP DR1
photometry for J1407 contains photometry for approx-
imately 29,000 epochs during 206 dates between HJD
2453860 (2006.34) and HJD 2455399 (2010.56), with me-
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The star J1407: lightly reddened “naked” pre-MS K5
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Fig. 1.— Observed photometry for J1407 taken from Table 3
(filled circles) compared to the spectral energy distribution for a
lightly reddened K5 dwarf with E(B-V) = 0.09 (red dashed line).
We have assumed that the Ks minus WISE band (W1, W2, W3,
W4) colors are zero.

Centaurus-Lupus (UCL) subgroup of the Sco OB2 as-
sociation (de Zeeuw et al. 1999), and its proper motion
is statistically consistent with moving towards the UCL
convergent point (negligible peculiar velocity of 0.9± 1.8
km/s), with a kinematic distance of 128± 13 pc (simi-
lar to other UCL members)9. Using this distance, we
place the star on the HR diagram, see Figure 3 (log T ,
logL/L⊙ = 3.66, -0.47). Factoring in the ±0.11 dex un-
certainty in log(L/L⊙), dominated by the distance un-
certainty, the isochronal ages and their uncertainties are
listed in Table 4. Factoring in previous age estimates
for the UCL subgroup (see summary in Mamajek et al.
2002), and new age estimates using the F-star MS turn-
on (Pecaut, Mamajek, & Bubar 2011), we estimate the
mean age of UCL to be 16 Myr with a ±2 Myr (68%CL)
systematic uncertainty. The isochronal age for J1407
is consistent with this value, hence we adopt the mean
UCL age as the age for J1407. Three sets of evolutionary
tracks predict similar masses for J1407: ∼0.9 M⊙ (listed
in Table 4).
The kinematics of the star, rotation period (as dis-

cussed below), X-ray emission, and its preliminary HR
diagram position, are mutually self-consistent with the
interpretation that this star is a nearby (distance ∼ 130
pc), ∼ 107 year old, solar-mass pre-main sequence (Pre-
MS) star.

3.2. Light Curves

The V-band light curve for J1407 during the year
of 2007 from the All Sky Automated Survey (ASAS;
(Pojmanski 2002)) and SuperWASP (Super Wide An-
gle Search for Planets) surveys is shown in Figure 4.
The SuperWASP survey is an ultra-wide field (over 300
sq. degrees) photometric survey is designed designed to
monitor stars between V ∼ 7 – 15 mag to search for

9 The distance and peculiar velocity were calculated following
Mamajek (2005), using the UCAC3 proper motion for J1407, and
the updated estimate of the mean space motion for UCL from Chen
et al. (2011): (U, V, W) = (-5.1±0.6, -19.7±0.4, -4.6±0.3) km s−1.

Fig. 2.— Comparison of CTIO 1.5-m red optical spectrum of
J1407 to CTIO spectra of four spectral standard stars from Keenan
& McNeil (1989): TW PsA (K4V), N Vel (K5III), HD 36003
(K5V), and GJ 529 (K6Va).

Fig. 3.— HR diagram position for star J1407 with isochrones in
log(age/yr) from Baraffe et al. (1998) overlain.

TABLE 4
Isochronal Age and Mass

Estimates for J1407

(1) (2) (3)
Age Mass Models
Myr M⊙ ...

23+14
−9 0.90± 0.08 1

27+15
−10 0.89± 0.07 2

14+11
−6 0.86± 0.06 3

Note. — References for
the models are as follows: (1)
Baraffe et al. (1998), (2) Siess
et al. (2000), (3) D’Antona &
Mazzitelli (1997).

transiting extrasolar planets (Pollacco et al. 2006). The
public data archive of SuperWASP photometry is de-
scribed in Butters et al. (2010). The SuperWASP DR1
photometry for J1407 contains photometry for approx-
imately 29,000 epochs during 206 dates between HJD
2453860 (2006.34) and HJD 2455399 (2010.56), with me-

At most 3% excess at 12 microns

LIR < 2.5⇥ 10�4 L�

Mamajek et al. (2012)
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Super Wide Angle Survey 
 for Planets (SWASP)

SuperWASP South 
(@SAAO, 

Sutherland, S Africa)

Rapid photometry (30 sec) using 
several wide angle cameras 

Searching for hot Jupiter transits

Pollacco et al. 2006, Butters et al. 2010



All Sky Automated Survey 
(ASAS)

SuperWASP South 
(LCO, Chile)

Maps whole sky about  
once every three days 

Long term photometric monitoring 
 for variables

Pojamanski 2002, Pojmanski et al. 2005



Disk and Ring Eclipses 9

Fig. 10.— Top: Photometry of the star over the 2008 season,
where the SuperWASP (SWASP) points are daily median values.
Middle: Lomb Scargle periodogram for SuperWASP photometry,
and Bottom: Lomb-Scargle periodogram for the ASAS photometry.
False alarm probabilities are indicated with horizontal dashed lines.
A period of 3.20 days, presumably due to starspots and stellar
rotation, is detected strongly and independently in both datasets.

period. We count how many folded photometric points
lie within the deepest part of the known eclipse, and
determine the mean magnitude and standard deviation
of these points.
We define a deep eclipse event as one where the stellar

magnitude fades by one magnitude or greater. For the
known eclipse, we estimate that this lasts for 15 days,
and we set the trial periods P for values starting at 200
to 2500 days in steps of one day. In Figure 11 we show
the results of our analysis. In the upper panel we show
that we have one or more photometric points for all trial
periods up to 850 days, and the lower panel shows the
mean magnitude of the photometric points at those peri-
ods where we have one or more photometric points. We
conclude that there is no evidence for any eclipse events
with photometric coverage up to 2330 days (6.4 years),
and that there are no eclipse events in any periods up
to 850 days (2.3 years). Approximately half of periods
between 850 days and 2330 days are ruled out (Fig. 11).
If the shallow depression seen in early 2001 (see Fig-

ure 7) is an eclipse then the period is 6.12 years and just
about at the 2330 day limit. EE Cep has a similar period
and duration and also exhibits variations in eclipse depth
(Galan et al. 2010). Hence we should consider the possi-
bility that J1407 also exhibits large variations in eclipse
duration and depth.

Fig. 11.— Photometric coverage for periodic events at different
trial periods. The upper panel shows the periods where we have
one or more photometric points within an eclipse event, and the
lower panel shows the mean magnitude in those particular cases.

3.6. Other Explanations

The case for the primary being a pre-MS K star at
d ≃ 130 pc seems to be secure. The primary exhibits:
(1) rapid rotation (P = 3.2 days), (2) complimentary
saturated X-ray emission consistent with the rapid ro-
tation (typical for young dwarf or pre-MS stars), (3)
strong Li consistent with other pre-MS Sco-Cen mem-
bers, (4) proper motion statistically consistent with Sco-
Cen membership, and predicted kinematic distance har-
monious with pre-MS status, and lastly (5) spectral ap-
pearance consistent with being dwarf or pre-MS, but not
a giant.
Besides the apparent spectral evidence, there are rea-

sons to exclude J1407 as a possible giant or supergiant.
With these observations of the primary in mind, we
briefly present and pass judgement on several hypothe-
ses regarding the agent responsible for J1407’s unusual
eclipses. If J1407 were a K5 giant with absolute mag-
nitude similar to the K5III standards N Vel and γ Dra
(MV ≃ -1.2)11, then its apparent V magnitude would
be consistent with a distance of ≈4.3 kpc. J1407’s total
proper motion (32 mas yr−1) would then imply a tan-
gential velocity of ≈670 km s−1, i.e. faster than the local
Galactic escape velocity. Photometrically, there is no
hint of long-term periodicity characteristic of red giants
(i.e. Mira variability). The situation is worse if the star
were a K5 supergiant. If it shared the absolute magni-
tude of the K5 Ib standard σ CMa (MV ≃ -4.3), then
J1407 would represent a young, massive star ≈18 kpc
away, ≈6 kpc above the Galactic disk midplane, with

11 Using Hipparcos V magnitudes (Perryman & ESA 1997) and
revised Hipparcos parallaxes (van Leeuwen 2007), we estimate that
the high quality K5 III spectral standards N Vel and γ Dra (Keenan
& McNeil 1989) have absolute magnitudes of MV ≃ -1.19 and -
1.14, respectively, and the K5 Ib standard σ CMa has MV ≃ -4.3
(assuming extinction AV ≃ 0.12 mag ; Bobylev et al. 2006).

Pre-MS Candidate J1407

P = 3.2 days

12.7 mag, K5 pre-MS star

Mamajek et al. (2012)



Removing stellar variability

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalised flux CCD228, CCD221

0.85

0.90

0.95

1.00

1.05

1.10

1.15

N
or

m
al

is
ed

 fl
ux

 C
C

D
22

7

Raw flux

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalised flux CCD228, CCD221

TAMUZ-corrected flux

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalised flux CCD228, CCD221

This paper

ρ =
ρ =

ρ =

0.0 0.2 0.4 0.6 0.8 1.0
Time [phase]

0.85

0.90

0.95

1.00

1.05

1.10

1.15

N
or

m
al

is
ed

 fl
ux

Sine de-trend fit

P =

± ϖ ±

T

±

T +190
−120 BCJ ≃ 1.58 ± 0.06

BV JHKs

AJ

± AV ±

f ± × −13 −2 m ±
M ± L ⊙ ±

T
±

⊙

∼ ⊙
T

∼ ±

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalised flux CCD228, CCD221

0.85

0.90

0.95

1.00

1.05

1.10

1.15

N
or

m
al

is
ed

 fl
ux

 C
C

D
22

7

Raw flux

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalised flux CCD228, CCD221

TAMUZ-corrected flux

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalised flux CCD228, CCD221

This paper

ρ =
ρ =

ρ =

0.0 0.2 0.4 0.6 0.8 1.0
Time [phase]

0.85

0.90

0.95

1.00

1.05

1.10

1.15

N
or

m
al

is
ed

 fl
ux

Sine de-trend fit

P =

± ϖ ±

T

±

T +190
−120 BCJ ≃ 1.58 ± 0.06

BV JHKs

AJ

± AV ±

f ± × −13 −2 m ±
M ± L ⊙ ±

T
±

⊙

∼ ⊙
T

∼ ±

van Werkhoven et al. (2014)



Something completely different....

J1407 Lightcurve

ASAS
SuperWASP

Eclipse in May 2007
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Eclipse duration of 56 days
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Eclipse by a large ring system

The star J1407

J1407b

Rings around J1407b

The orbit of J1407b is seen nearly edge on to us



Geometry of Eclipsing ring

v

v.dt

2R⇤

dA = 2R⇤v.dt



Eclipsing by a ring system

vvariability ⇠ 33km.s�1

R⇤ = 0.9R�



Estimating the size of the object

33 km.s�1 ⇥ 56 days ⇠ 0.8AU



How the rings change the light curve of J1407
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How the rings change the light curve of J1407

The same ring but 
different edge geometry
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Saturn’s rings

Tiscareno review 2013 
and Colwell 2009

Nearly all structure in 
Saturn’s rings caused by moons

– 21 –

Fig. 11.— An optical depth profile (top) and true-color image (bottom) of Saturn’s main ring

system. Figure from Colwell et al. (2009b).

3.1.1. Spiral waves

Spiral density waves and spiral bending waves are the most widespread well-understood phe-

nomena in dense rings. First described for the case of galaxies by Lin and Shu (1964), and applied

to planetary rings by Goldreich and Tremaine (1978a,b, 1980), they can arise in any disk subject

to a periodic perturbation. In Saturn’s rings, the predominant mechanism is forcing from a per-

turbing moon. At discrete locations in the disk, the orbits of individual particles are resonant with

the forcing and become excited. For a resonance with a moon, this happens when the resonance

argument ', the quantity that librates about a constant value at the resonant location, is of the

form8

' = (m+ k)�0 � (m� 1)��X � kX

0
, (6)

where m and k are integers, primed quantities refer to the forcing moon, and X is some integer

combination of $ or ⌦ (see Section 1.1 for orbital elements). For any given value9 of m and k, and

for any particular forcing moon, there is a unique location in the ring-plane at which the resonance

8For brevity, this discussion is limited to inner Lindblad resonances and inner vertical resonances, where the disk is inward

of the forcing moon. Nearly all known spiral waves in rings are of this kind, though Tiscareno et al. (2007) detected inwardly-

propagating spiral density waves excited by outer Lindblad resonances with Pan.

9The azimuthal parameter m gives the number of spiral arms in the resonant wave pattern, while k+1 is the “order” of the

resonance, with first-order resonances generally being strongest, followed by second-order, etc.
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Mass of J1407b’s rings: ~0.6 MEarth



…and are we seeing clearing out with 
an exomoon?

~Mars mass exomoon?



“Ring system” 200 times bigger than Saturn’s rings

…but clearly a different beastie given size and mass: 
Protoexosatellite disk?



If you put the rings around Saturn….

…we’d be able to see it at twilight from Earth!



Hill radius
Hill sphere filling fraction is ⇠

Is this possible?

Roche radius



Finding J1407b Mass and Period
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Hunt for periodicity
Disk and Ring Eclipses 9

Fig. 10.— Top: Photometry of the star over the 2008 season,
where the SuperWASP (SWASP) points are daily median values.
Middle: Lomb Scargle periodogram for SuperWASP photometry,
and Bottom: Lomb-Scargle periodogram for the ASAS photometry.
False alarm probabilities are indicated with horizontal dashed lines.
A period of 3.20 days, presumably due to starspots and stellar
rotation, is detected strongly and independently in both datasets.

period. We count how many folded photometric points
lie within the deepest part of the known eclipse, and
determine the mean magnitude and standard deviation
of these points.
We define a deep eclipse event as one where the stellar

magnitude fades by one magnitude or greater. For the
known eclipse, we estimate that this lasts for 15 days,
and we set the trial periods P for values starting at 200
to 2500 days in steps of one day. In Figure 11 we show
the results of our analysis. In the upper panel we show
that we have one or more photometric points for all trial
periods up to 850 days, and the lower panel shows the
mean magnitude of the photometric points at those peri-
ods where we have one or more photometric points. We
conclude that there is no evidence for any eclipse events
with photometric coverage up to 2330 days (6.4 years),
and that there are no eclipse events in any periods up
to 850 days (2.3 years). Approximately half of periods
between 850 days and 2330 days are ruled out (Fig. 11).
If the shallow depression seen in early 2001 (see Fig-

ure 7) is an eclipse then the period is 6.12 years and just
about at the 2330 day limit. EE Cep has a similar period
and duration and also exhibits variations in eclipse depth
(Galan et al. 2010). Hence we should consider the possi-
bility that J1407 also exhibits large variations in eclipse
duration and depth.

Fig. 11.— Photometric coverage for periodic events at different
trial periods. The upper panel shows the periods where we have
one or more photometric points within an eclipse event, and the
lower panel shows the mean magnitude in those particular cases.

3.6. Other Explanations

The case for the primary being a pre-MS K star at
d ≃ 130 pc seems to be secure. The primary exhibits:
(1) rapid rotation (P = 3.2 days), (2) complimentary
saturated X-ray emission consistent with the rapid ro-
tation (typical for young dwarf or pre-MS stars), (3)
strong Li consistent with other pre-MS Sco-Cen mem-
bers, (4) proper motion statistically consistent with Sco-
Cen membership, and predicted kinematic distance har-
monious with pre-MS status, and lastly (5) spectral ap-
pearance consistent with being dwarf or pre-MS, but not
a giant.
Besides the apparent spectral evidence, there are rea-

sons to exclude J1407 as a possible giant or supergiant.
With these observations of the primary in mind, we
briefly present and pass judgement on several hypothe-
ses regarding the agent responsible for J1407’s unusual
eclipses. If J1407 were a K5 giant with absolute mag-
nitude similar to the K5III standards N Vel and γ Dra
(MV ≃ -1.2)11, then its apparent V magnitude would
be consistent with a distance of ≈4.3 kpc. J1407’s total
proper motion (32 mas yr−1) would then imply a tan-
gential velocity of ≈670 km s−1, i.e. faster than the local
Galactic escape velocity. Photometrically, there is no
hint of long-term periodicity characteristic of red giants
(i.e. Mira variability). The situation is worse if the star
were a K5 supergiant. If it shared the absolute magni-
tude of the K5 Ib standard σ CMa (MV ≃ -4.3), then
J1407 would represent a young, massive star ≈18 kpc
away, ≈6 kpc above the Galactic disk midplane, with

11 Using Hipparcos V magnitudes (Perryman & ESA 1997) and
revised Hipparcos parallaxes (van Leeuwen 2007), we estimate that
the high quality K5 III spectral standards N Vel and γ Dra (Keenan
& McNeil 1989) have absolute magnitudes of MV ≃ -1.19 and -
1.14, respectively, and the K5 Ib standard σ CMa has MV ≃ -4.3
(assuming extinction AV ≃ 0.12 mag ; Bobylev et al. 2006).

Trial period (days)

P > 850 days
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Problem

BUTvcirc < 20 km.s�1 vvariability ⇠ 33km.s�1



Eccentric orbits
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Rieder and Kenworthy, in prep.

Prograde Retrograde
Retrograde Hill rings survive for much longer



Preliminary results from archival 
DASCH photometry (1901-1989):

No eclipses seen: ~700 epochs 
y-axis: Fraction of periods ruled out

x-axis: Orbital period (years)



Conclusions
• What the heck is J1407 “b”? 

• Rings probably fill large fraction 
of Hill sphere of substellar object 

• No sign yet of additional eclipses 
(past or present) 

• Search of thousands of young 
stars: no J1407ish eclipses 

• Looking for the rings using ALMA 
and ZIMPOL

Papers and code at:
http://bit.ly/j1407b(c) Mark Garlick


