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The Dark Energy Survey: more than dark energy - an overview
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Existing evidence for P9

Batygin & Brown 2016

The evidence for the claim is that six of the
most distant known Kuiper Belt objects
(KBOs) have orbits that line up in a way that
would only happen if the gravity of a massive,
unknown planet were pulling on them.

DES discovery

ORBITS OF
KUIPER BELT ORBIT OF
OBJECTS NEPTUNE

PLANET NINE

based on Trujillo and Sheppard 2014




FPossible evidence tor P9

Batygin & Brown 2016

The researchers predicted
that Planet Nine’s gravity
would cause another set of
Kuiper Belt objects to be
forced into orbits perpen-
dicular to Planet Nine's
orbit (green ellipses).

Five objects have already
been discovered that fit this

condition precisely.
PERPENDICULAR KBOs

SOURCE: CALTECH ) e KARL TATE / © Space.com




FPossible evidence tor P9

The researchers predicted
that Planet Nine’s gravity
would cause another set of

) Mike Brown YOG Kuiper Belt objects to be
= Hey Planet Nine fans, a new eccentric X forced into orbits perpen-
KBO was discovered. And it is exactly dicular to Planet Nine's
where Planet Nine says it should be.
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What Is Planet Nine?

® A ~|0 earth-mass planet with a~700 AU, e~0.6, i~30

deg., whose orbit is anti-aligned with the observed
distant, alighed TNOs.

® Stabilizes the observed alignment on timescales
comparable to the age of the Solar System.

® |ts present position in its orbit is a priori unknown.

slides by David Gerdes



s this a big deal”? What does it look like?

Strong constraints from the WISE infrared all-sky survey

PLANET NINE

Researchers claim that a huge planet 10 times the
mass of Earth probably exists in the frozen Kuiper Belt
region of our solar system. The planet has

not yet been located or photographed.

Planet Nine would be

about the samesizeas
the most commonly ‘
found exoplanets '
orbiting other stars.

Earth Planet Nine Neptune T TS

MASS (EARTH=1) | 10 17 14.5

LENGTH OF YEAR 1 between 10,000 164.8 84
(EARTH YEARS) and 20,000




Three Key Predictions

e Distant TNOs with a>250 AU should all cluster in

physical space (non-clustering objects should be
swept out by P9). DES can address this!

® There exists a population of very distant, detached
objects (a>100 AU) that are aligned with P9.

No such objects known; these are very hard to find.

There exists a population of very high-inclination
(even retrograde) objects on very eccentric orbits

that may reach the inner solar system. A few are
known; DES can find more given our broad off-

ecliptic coverage.

slides by David Gerdes



TNO Search Through Y3

Search initially developed in the SNe fields.
34 (+2WS) new objects reported to the Minor Planet Center.
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Search in the Wide Survey

® This is where DES can have a transformative impact
on the field.

Deep Ecliptic Survey 1998-2003 2

Palomar DSSS 2007-8 12,000

CFEPS 2003-4 321

NGVS 2009-12 76

055085 2013-16 168
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DES wide 2012-2018
[

e Particularly sensitive to high-inclination TNOs

® (Challenges: sparse, irregular cadence; extending
dlfference imaging to wide survey.
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First Look: Stripe 82

Difference imaging adaptation to 2815 EXposures inYl-Y3
WS data by Rick Kessler, Masao 3 | mjillion individual transient detections

Sako and students. A big effort! . . .
240 million triplets to consider

Connect the dots!
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Debiasing this selection function will be a challenge!
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New TNOs in DES data

2012 VvP113
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New TNOs in DES data
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® [NOs from supernova fields
% 34 new wide survey TNOs
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Planet Nine

“Treasure Map’

)

[
&
Q
ge
c
O
o
E
-

speed ("/hr)

5688 exposures fromY [-Y3

possible orbits from simulations

ﬁndplanetnine.com
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Constraints from Cassini

Fienga et al. 2016

The Cassini spacecraft has been orbiting the Saturnian system

since 2004. Consequently, Earth-Saturn ranging data is good to

~30 meters. Compare residuals to a full post-Newtonian Solar
System model with and without Planet 9.

Planet Nine

Pointing to Planet X
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Excluded and possible locations for Planet Nine based on new research
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DES footprint vs. P9 position constraints

® Cassini disfavored

@® No Cassini constraint

Cassini favored

/ galactic plane!
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It Gets Better...

Holman & Payne (2016) analyze the same
data in the context of a more general
tidal perturbation, then fold in the P9
orbital pdfs from Batygin & Brown
(2016b).
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Fake Planet Nines

400 <a < 1000AU
0 <i <40 deg.

0.3 < e < 0.8, qmin=200 AU

-8 < H <0 (mag > ~22)

motion is 4-8 arcsec/day

Simple color model

Pass these objects through the Y2AI
exposures and generate observations.
Positions smeared by 0.15".

Parameters: number of bands, number of nights, time difference...




Summary

We have demonstrated the ability to detect TNOs efficiently in both the SNe
and Wide Survey fields: 34 in SN fields + 36 and counting in Wide Survey (582)

Have found many interesting objects already, including one that adds to the
evidence for a distant ninth planet.

A significant part of the Planet Nine probability map overlaps with our survey,
including the region favored by Cassini data.

If Planet Nine is in our data, we will find it soon! If not, we will place tight
constraints.

In any case, we are almost certain to find more objects that belong to dynamical
classes that will test this hypothesis (as well as hundreds of other TNO:s).

Catalog production is in progress. Results on full data set coming this summer.

slides by David Gerdes




DES footprint vs. P9 position constraints

® Cassini disfavored

® No Cassini constraint

— 3

Cassini favored ‘
plane
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DES footprint vs. P9 position constraints

® Cassini disfavored

@® No Cassini constraint

Cassini favored

plane
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Alignment with the infamous CMB Cold Spot

|

slides by David Gerdes



Planets vs. paradigm shifts

1: Examples of new entity vs new theory

phenomenon new entity new theory

Uranus’s orbit Neptune (Bessel's specific gravity ruled
out]

Mercury’s orbit [hypothetical planet general relativity

Vulcan ruled out]

beta decay neutrino [violation of angular momentum
ruled out]

galaxy flat rotation curves  dark matter? modified Newtonian dynamics?

accelerating universe dark energy? modified general relativity?

(SN la and other data)

Table by Ofer Lahav
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Describing an Orbit

6 parameters needed

[semi-major axis

. size and shape
eccentricity

~\
inclination

longitude of ascending node | orientation
__argument of periapsis

J

(true anomaly) location of object at a given epoch

slides by David Gerdes




Diffimg candidates from each exposure

|dentify triplets that fit
to TNO-like orbit

Bernstein & Khushalani 2000

Look for matches in nearby exposures consistent
with seasonally-appropriate parallax motion

B0 pardlac for L1

Prograde

Stationa ry:.,(;_

‘‘point
l"t.»:,

Rght Ascenson

Use preliminary orbit to add
observations, refine fit

slides by David Gerdes



Factors Influencing Detectablllty

® Number of nights with detections
® Time between detections .Tiliiigﬁ‘?ﬁﬁlﬁ:’ﬁéi;jL.al

detections.

® Bands chosen for search ol
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More search bands, longer search window = higher efficiency,
but also higher combinatoric backgrounds.
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How Well Do We Reconstruct
the Orbit of Fake P9s?

Inclination: well reconstructed
Semi-major axis: can tell it’s
very distant, but tend to under-
estimate a.

Eccentricity:

Arg. of peri:

Reconstructed

0
400 500 600 70D BDO 900 50 150 200 250 300 350
True True

To establish “Planet Nine-ness” will require
observations at multiple oppositions.
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