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•  Extreme east-west asymmetry in the outter region (images A and B) confirmed  
  in the inner region (image C) 

•  Bow like northern part – invisible southern part (images A B and C) 
•  Possible bifurcation on the east part at ~3’’ (image B) 

•  Confirmation of the detection in all bands and epochs of the nearly edge-on disk.  
•  Observation of the brightness asymmetry and of the bow-like shape. 
•  Possible detection of the southern (lower) half (not in all data set). 
•  Data are consistent with a symmetrical ring like inner cavity with a radius of 90 AU. In our  

 analysis were able to put constraints on the disk parameters. 
•  A variation of the grains size and/or property distribution may explain the brightness asymmetry 
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TABLE 1
Stellar Properties

Parameter HD 15115 HIP 12545 Reference

Spectral type . . . . . . F2 M0 Hipparcos
(mag) . . . . . . . . . .mV 6.79 10.28 Hipparcos

Mass ( ) . . . . . . . .M, 1.6 0.5 Cox (2006)
Distance (pc) . . . . . . !2.2244.78"2.01

!4.3840.54"3.61 Hipparcos
R.A. (ICRS) . . . . . . . 02 26 16.2447 02 41 25.89 Hipparcos
Decl. (ICRS) . . . . . . !06 17 33.188 !05 59 18.41 Hipparcos
(mas yr"1) . . . . . . .ma 86.09! 1.09 82.32! 4.46 Hipparcos
(mas yr"1) . . . . . .md "50.13! 0.71 "55.13! 2.45 Hipparcos
(mas yr"1) . . . . . . .ma 87.1! 1.2 82.3! 4.3 Tycho-2
(mas yr"1) . . . . . .md "50.9! 1.2 "55.1! 2.7 Tycho-2

U (km s"1) . . . . . . . . "13.2! 1.9 "14.0! 0.5 …a

V (km s"1) . . . . . . . . . "17.8! 1.2 "16.7! 0.9 …a

W (km s"1) . . . . . . . . "6.0! 2.3 "10.0! 0.5 …a

a Galactic kinematics for HD 15115 and HIP 12545 from Moór et al.
(2006) and Song et al. (2003), respectively.

Fig. 1.—False-color, log scale images of the HD 15115 disk as originally discovered using the ACS/HRC F606W ( nm, nm; left) andl p 591 Dl p 234c

confirmed in H band with Keck II adaptive optics (right; 2006 October 26 data). North is up, east is left, and the scale bars span 5!. In the HST image we use
gray fields over the occulting bar and a 3.0! occulting spot located to the left of HD 15115, as well as a gray disk covering PSF-subtraction artifacts surrounding
HD 15115 itself. If the HD 15115 disk were a symmetric structure, then the east side of the disk would have been detected within the rectangular box, shown
below the ACS/HRC occulting finger. The NIR data (right) show a more symmetric disk within a 2! radius, with asymmetry becoming more apparent beyond
the 2! radius. Due to poor observing conditions, the field is contaminated by residual noise due to the diffraction pattern of the telescope (e.g., at 2 o’clock and
7 o’clock relative to HD 15115). However, whereas the residual diffraction pattern noise of the telescope rotates relative to the sky orientation over a series of
exposures, the image of the disk remains fixed and it is confirmed as real.

resulting in disk self-subtraction at small radii. Our analysis of
the 2007 January data therefore yields a detection of the west
ansa in the region 1.3!–3.3! radius. The photometry in this
second epoch agrees well with that of the first epoch (on av-
erage, the 2007 January disk photometry is 0.13 mag
arcsec fainter than 2006 October), suggesting that our frame"2

selection technique for the first epoch of cloudy conditions
effectively filtered out nonphotometric data.

3. RESULTS

Figure 1 shows the PSF-subtracted images of HD 15115
with HST and with Keck. The west side of the disk in the
optical HST data has and is detected fromP.A. p 278".5! 0.5
the edge of the occulting spot at 1.5! (67 AU) radius to the
edge of the field at 12.38! (554 AU) radius. The east midplane
is detected as far as ∼7! (315 AU) radius. At this radius the
east midplane begins to intersect the outer portion of the co-
ronagraph’s 3.0! occulting spot. Further east, past the spot and

to the edge of the field, no nebulosity is detected 9.0!–14.9!
radius. The appearance of the disk is more symmetric in the
2006 October Keck data, which show the disk between 0.7!
(31 AU) and 2.5! (112 AU).
Optical surface brightness contours (Fig. 2) reveal a sharp

midplane morphology for the west extension that indicates an
edge-on orientation to the line of sight. The west midplane is
qualitatively similar to that of b Pic’s northeast midplane, in-
cluding a characteristic width asymmetry (Kalas & Jewitt 1995;
Golimowski et al. 2006). The northern side of the west midplane
is more vertically extended than the southern side. For example,
the full width at half-maximum across the disk midplane at 2!
radius is 0.19! ! 0.10! in both the optical and NIR data. How-
ever, the vertical cuts are not symmetric about themidplanewhen
measuring the half-width at quarter-maximum (HWQM). The
HWQM north of the west midplane is times greater1.6! 0.1
than that of the HWQM south of the west midplane. This width
asymmetry is confirmed in the Keck data. If thewidth asymmetry
is found to be in the opposite direction in the opposite midplane,
then Kalas & Jewitt (1995) refer to such a feature as the butterfly
asymmetry. The butterfly asymmetry is evident in the mor-
phology of b Pic that Golimowski et al. (2006) recently related
to the presence of a second disk midplane tilted relative to the
main disk midplane. However, our detection of HD 15115’s east
midplane has insufficient signal-to-noise to confirm the presence
of a width asymmetry here.
We note that none of the surface brightness profiles show evi-

dence for significant flattening inward toward the star (Fig. 3). All
four surface brightness profiles are well represented by a single
power-law decrease with radius. If there is an inner dust depletion,
then it resides within a 40 AU radius. This constraint is consistent
with model fits of the spectral energy distribution that place the
dominant emitting dust component at ∼35 AU radius (Zuckerman
& Song 2004; Williams & Andrews 2006).
The color of the disk may be estimated in the ′′ ′′2.0 –3.3

region where the H-band and V-band data overlap (Fig. 3). At
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Image A: Kalas et al. 2007 (HST/ACS/visible) 
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perturbed by a local ISM wind. Rodigas et al. (2012), also suggest a “bow like” appearance of 

the inner disk in both Ks and L’ bands offset by a few AU to the north of the star. 

Observations and PSF Subtraction. The STIS 6R/PSFTFC observations of HD 15115 and its 

PSF template star executed with no anomalies or degradations of significance with reduction and 

template PSF subtractions. At most celestial position angles (inclusive of the direction along the 

disk major axis), an inner working angle of r = 0.4" was achieved (green circle in Fig. 11 C). The 

relative orientation constraints due to HST guide star availabilities were a bit more restrictive 

than typical, so spatial coverage between 0.4" and 0.8" due to multi-roll combined WedgeA 

obscuration in the sectors flanking approximately celestial PA 30° degrees (and affecting he 

visibility of the disk minor axis) is lacking. This is the “hard black” region of “no data” in the 

center of the image in panels B and C, in this stellocentric radial zone.  

!

 
Figure 11. A: HD 15115 scattered-light ACS discovery image from reproduced from Kalas et al. 2007. B. STIS 

6R/PSFTSC image, log10 display with x20,000 imaging dynamic range from [-3.0] to [+1.0] cts s-1 pixel-1 {dex} 

(0.177 to 3532 µJy arcsec-2). The radial extent of the disk along the mid-plane to sensitivity-limited stellocentric 

distances at 3-σ resel-1 over the background are indicated. Note the preponderance of starlight-scattering material 

preferentially “above” the disk mid-plane to the NW of the star (only). The region interior to the r = 2.5" red circle 

was unimaged with ACS. C: Same data as panel B shown in grayscale with a log10 stretch from [-3.5] to [+1.0] cts  

s-1 pixel-1 {dex} (0.056 to 3532 µJy arcsec-2). The green circle indicates the r = 0.4" IWA along the disk mid-plane. 

The mid-plane diverging, bifurcated, linear light-scattering structures on the east side of the disk are indicated. D: 

Disk mid-plane from ~ 1.0" to 2.5" (inset FOV 5" x 5"; linear display stretch from -1 to + 2.5 mJy arcsec-2) resolved 
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Image B: Schneider et al. 2014 (HST/STIS/visible) N 
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Figure 1. (a) Final PISCES Ks-band image of the HD 15115 debris disk, in
units of mJy arcsec−2, with north up, east left. The white dot marks the location
of the star and represents the size of a resolution element at the Ks band. For
display purposes a 0.′′8 radius mask has been added in post-processing. The
western side SB is ∼a magnitude arcsec−2 brighter than the eastern side SB, as
is seen at shorter wavelengths (Kalas et al. 2007; Debes et al. 2008). (b) SNRE
map of the image. The eastern side is detected at SNRE ∼ 3 out to ∼2.′′1. The
western side of the disk is detected at SNRE ∼ 3–8 from ∼1 to 2.′′5.
(A color version of this figure is available in the online journal.)

image built from the radial profile, and subtracted that from the
original image.

After median-combining the first half of the images, the
second half of the images, and all images together, we deter-
mined that the second half of the data was of much poorer
quality than the first half, perhaps due to the worse seeing
during this part of the night. Consequently, we only used the
first half of the data in our final data reduction and analysis.
We constructed the master PSF reference by median-combining
the first 284 images, and scaling and subtracting this reference
image from each of the first 284 images. The scale factor was
determined by minimizing the flux after subtraction inside a

0.′′15–1′′ annulus (outside the saturated region). Each image was
then flipped about the vertical axis (due to a mirror flip inside
PISCES) and rotated by its parallactic angle plus an additional
rotational offset to obtain north-up, east-left. The offset was de-
termined to be 80.◦88 (the position angle (P.A.) of the detector)
plus 3.◦9 (see Section 3.2 for a discussion of how the 3.◦9 offset
was determined). The total parallactic angle rotation for this set
of images was approximately 20◦.

We median-combined the PSF-subtracted, rotated images,
masking out the residual streaks left by the spider arms and
other detector artifacts. The final image revealed HD 15115’s
edge-on asymmetric disk structure at the expected P.A. of ∼279◦

(Kalas et al. 2007; Debes et al. 2008). To obtain the highest SNR
image, we reduced the first 284 (better quality) images using
a conservative LOCI (Lafrenière et al. 2007) algorithm, as in
Buenzli et al. (2010) and Thalmann et al. (2011). Specifically,
to preserve disk flux, we required a field rotation of at least three
times the full width at half-maximum (FWHM) at Ks band (= 3
× 0.′′0525) between images. We also set the optimization section
(NA) to 2000 to ensure less self-subtraction. Figure 1(a) shows
our final PISCES/Ks-band image in mJy arcsec−2.

Because we could not obtain any unsaturated images of
HD 15115 (the shortest integration time possible with PISCES is
0.8 s, which saturates the star), the flux calibration for obtaining
units of mJy arcsec−2 was calculated as follows: we scaled the
ratio of the PSF halo of HBC 388 to its total flux and compared
that to the halo of the median-combined PSF reference image of
HD 15115 (so that the disk flux contribution was washed out).
The ratio was determined for different halo sizes, ranging from
0.′′3 to 1′′, 1.′′25, and 1.′′5—all yielding the same ratio to within
less than 1%. We adopted this method, as opposed to scaling by
the relative bandwidths in the Ks and BrG filters, because the
latter method may be less accurate due to changing photometric
conditions.

Figure 1(b) shows the map of the signal-to-noise per resolu-
tion element (SNRE) of the final Ks-band image. The SNRE
was determined by masking out the disk in the final image,
smoothing the image by a Gaussian kernel with FWHM =
0.′′0525 (= λ/D), calculating the standard deviation of the
smoothed image in concentric annuli around the star, then di-
viding this noise image into the final smoothed Ks-band image.
From the SNRE map, the disk is detected on the eastern side at
SNRE ∼ 3 between 1.′′2 and 2.′′1; and on the western side the
disk is detected at SNRE ∼ 3–8 between 1′′ and 2.′′5.

We refer the reader to the Appendix, wherein we describe
how we inserted an artificial model disk into the raw data and
re-reduced the data using the LOCI algorithm, to understand
LOCI’s effects on disk P.A., FWHM, and SB as a function of
distance from the star. The algorithm’s effects on these values
were measured and accounted for in the disk analysis found
later in this paper.

2.2. LBTI/LMIRcam L′

We carried out our L′ observations of HD 15115 on UT
2011 November 16 with LMIRcam (Skrutskie et al. 2010), a
high-contrast 3–5 µm imager designed for use with LBTI (Hinz
et al. 2008). These observations were made in direct imaging
mode without any interferometric combination. Like the FLAO
system, LBTI also uses a pyramid wavefront sensor with natural
starlight for the adaptive reference source. We used the 8.4 m
DX mirror combined with its adaptive secondary. LMIRcam has
an FOV of ∼11′′ on a side and a plate scale of 10.7 mas pixel−1,
determined from observations of the binary star HD 37013 the
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Similarly to β-pictoris, HD 15115 is a young and nearby (45.2 pc) star hosting a debris disk. The so called « blue needle » was first imaged in 
2007 (Kalas et al., 2007) in visible using HST and in H band using the Keck observatory. The disk appears edge-on and shows an asymmetry 
between its west and east parts. HD 15115 was later observed in J band using HST / Nicmos data (Debes et al., 2008) and in Ks and L’ using 
LBT (Rodigas et al. 2012). These observations confirmed the asymmetric nature of HD 15115 debris disk. We present here the analysis of data 
from the Gemini / NICI archival system from 2009 and 2011 in H and K bands. We were able to detect clearly the bow-like shape of the disk 
suspected from other observations. However, these new NICI images suggest the presence of a highly inclined ring-like disk of which we see 
the brighter side and the ansae located at 90 AU symmetrically about the star, contrasting with the brightness asymmetry. The inner part is likely 
depleted of dust. The fainter side of the disk is suspected but not firmly detected, which also indicates a large anisotropic scattering factor. 


