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Introduction

7KH�G\QDPLFDOO\�FROG�FRPSRQHQW�RI�WKH�.XLSHU�%HOW�LV�KRVW�WR�D�SRSXODWLRQ�RI�YHU\�ZLGHO\�VHSDUDWHG��
near-equal mass binary systems. Such binaries, representing the tail of the separation distribution of 
WKH�PRUH� FRPPRQ��PRUH� WLJKWO\�ERXQG� V\VWHPV�� DUH� NQRZQ� WR� KDYH� RQ�VN\� VHSDUDWLRQV� XS� WR� a� �ļ. 
7KHLU�ZLGH� VHSDUDWLRQV�PDNH� WKHP�KLJKO\�YDOXDEOH�GXH� WR� WKHLU�GHOLFDF\�DQG� VHQVLWLYLW\� WR�SHUWXUED-
WLRQ�� DQG� DOVR�PDNH� WKHP� UHODWLYHO\� HDV\� WDUJHWV� WR� FKDUDFWHUL]H� IURP� WKH� JURXQG�� 3DUNHU� et al. [1]  
present a ground-based characterization of seven such systems with separations at discovery ranging 
from 0.ļ5 � 4ļ, and we will adopt these systems as the prototypes for the ultra-wide binaries of the 
.XLSHU�%HOW��+HUH�ZH�SUHVHQW�WKH�SURVSHFWV�IRU�XVLQJ�IXWXUH�ODUJH�VFDOH�JURXQG�EDVHG�RSWLFDO�VXUYH\V�
(with LSST as our baseline survey) to measure the orbital properties of a large sample of these widely 
separated Trans-Neptunian Binaries (TNBs).

1. Seeing distribution for LSST observations

The seeing at the LSST site is well measured, and the optical characteristics of the LSST imager have 
EHHQ� H[WHQVLYHO\�PRGHOHG��$� VXPPDU\� RI� WKH� HVWLPDWHG� GHOLYHUHG� VHHLQJ� LV� SUHVHQWHG� LQ� WKH� /667� 
6FLHQFH�%RRN�>�@��DQG�7DEOH���FRQWDLQV�WKH�):+0�RI�WKH�GHOLYHUHG�36)�LQ�WKH�r and i�EDQGV��:H�DGRSW�
these percentiles for determining the repeated resolvability of TNB systems.

7KH�VHHLQJ�LV�H[SHFWHG�WR�EH�EHWWHU�DW�ORQJHU�ZDYHOHQJWKV��z and Y), but we do not consider them here 
DV�WKH�OLPLWLQJ�PDJQLWXGH�H[SHFWHG�SHU�YLVLW�LQ�WKHVH�EDQGV�LV�QRW�DV�XVHIXO�IRU�WKH�W\SLFDO�EULJKWQHVV�
of TNOs.

For simulations in §2.1, we require a continuous function PDF for the seeing distribution in order to 
JHQHUDWH�V\QWKHWLF�REVHUYDWLRQDO�FLUFXPVWDQFHV��:H�DGRSW�D�3')�IRU�WKH�PHDVXUHG�VHHLQJ�GLVWULEXWLRQ�DW�
WKH�/667�VLWH�ZKLFK�FORVHO\�UHSURGXFHV�WKH�SHDN�DQG���th, 50th, and 75th percentiles of the r and i bands 
(see Table 1).

2. Projected binary separation

The fraction of observations which are resolved by LSST will drop for binaries with smaller primary 
radii, given the same Hill sphere separation distribution as a function of radius. This is because the Hill 
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spheres of TNOs scale linearly with their radii, so a TNB with a smaller primary radius will have a 
VPDOOHU�RQ�VN\�VHSDUDWLRQ�IRU�D�SK\VLFDO�VHSDUDWLRQ�RI�D�JLYHQ�IUDFWLRQ�RI�LWV�+LOO�VSKHUH��7KH�REVHUYHG�
fraction of binaries as a function of primary radius must be corrected for the fraction of a Hill sphere 
which is resolvable as a function of primary radius in its discovery survey. Such characterization is criti-
cal, as the trend of binary fraction with primary radius is a strong indicator of the collisional history of 
WKH�.XLSHU�%HOW�>�������@��SURYLGLQJ�DQ�RUWKRJRQDO�FRQVWUDLQW�IURP�VL]H�GLVWULEXWLRQ�PHDVXUHPHQWV�

Assuming that the binary system is distant and on a circular heliocentric orbit, so  r� a�r���WKH�SURMHFWHG�
Hill radius can be estimated for the following two cases: given the primary and secondary radii RP and 
RS, when RP >>  RS��WKH�SURMHFWHG�+LOO�UDGLXV�RH a�   18ļ.3(U��� g cm3)1/3(RP�����NP���ZKLOH�LQ�WKH�FDVH�WKDW�
RP a�   RS, RH a�   23s.1(U��� g cm3)1/3(RP�����NP��

The second case, where the secondary is of comparable mass to the primary, will be used throughout the 
rest of this paper.

Grundy et al.�>�@�IRXQG�WKDW�WKH�PRVW�SUREDEOH�SURMHFWHG�VHSDUDWLRQ�RI�71%�V\VWHPV�DW�UDQGRP�HSRFKV�
(for random orientations and a variety of eccentricity distributions) was within one percent of the mutual 
VHPL�PDMRU�D[LV��am), with 84% of the observed separations being within a factor of two of am. Therefore 
for our analytical estimate we adopt am�DV�WKH�FKDUDFWHULVWLF�VHSDUDWLRQ�IURP�ZKLFK�WR�HVWLPDWH�WKH�RQ�VN\�
separation.

Table 2 demonstrates the implications of the variation of Hill radius size changing with primary radius, 
illustrating the primary radius at which a binary with a given am / RH must be in order for that separation 
WR�WUDQVODWH�LQWR�DQ�RQ�VN\�VHSDUDWLRQ�VXI¿FLHQW�WR�EH�UHVROYHG�XQGHU���th, 50th, and 75th percentile condi-
WLRQV�DW�/667��)RU�VPDOOHU�SULPDU\�UDGLL��RQO\�REMHFWV�RFFXS\LQJ�ODUJHU�IUDFWLRQV�RI�WKHLU�+LOO�VSKHUHV�
will be resolved by the survey.

$W�SUHVHQW�VL[�NQRZQ�71%V�IDOO�LQ�WKH�������a   am / RH �a�������UDQJH�>����@��ZKLOH�MXVW�WKUHH�ELQDULHV�IDOO�LQ�
the 0.1 �a   am / RH  �a�������UDQJH��DQG�RQO\�RQH�71%�LV�NQRZQ�ZLWK�am / RH�!������WKH�H[FHSWLRQDO�V\VWHP�
�����4:322).

2.1. Separation of known ultra-wide TNBs

,Q�DGGLWLRQ�WR�WKHVH�DQDO\WLFDO�HVWLPDWHV��ZH�VLPXODWH�WKH�REVHUYDWLRQV�RI�NQRZQ�ZLGH�71%V�LQ�RUGHU�WR�
determine the fraction of LSST observations which will resolve systems with comparable properties. 
7KH�ELQDULHV�VWXGLHG�LQ�WKLV�ZRUN�DUH�GUDZQ�IURP�3DUNHU�et al. [1] which represent the widest binaries 
with characterized orbits. These seven systems were found to occupy between 7% and 22% of their mu-
WXDO�+LOO�VSKHUHV��ZLWK�SK\VLFDO�VHSDUDWLRQV�RI�VHYHUDO�WHQV�WR�RQH�KXQGUHG�WKRXVDQG�NLORPHWHUV��0XWXDO�
HFFHQWULFLWLHV�YDULHG�IURP�a�����WR�����

*LYHQ�WKH�EDVHOLQH�RI�/667�REVHUYDWLRQV�RI�WHQ�\HDUV��ZH�VDPSOH�HDFK�V\VWHP¶V�PXWXDO�RUELW�RYHU�WHQ�
\HDU�VHJPHQWV�RI�WKDW�V\VWHP¶V�KHOLRFHQWULF�RUELW�FHQWHUHG�DW�UDQGRP�HSRFKV��2YHU�WKHVH�WHQ�\HDU�VHJ-
PHQWV��ZH�PDNH�V\QWKHWLF�³REVHUYDWLRQV´�RI�HDFK�V\VWHP�E\�GHWHUPLQLQJ� WKH�REVHUYHG�VHSDUDWLRQ�RI�
the system at 100 random epochs, given the Earth-binary separation and the angular orientation of the 
system. This process is repeated for hundreds of random ten-year segments for each binary system.
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Figure 1: Fraction of LSST observations for which binary systems with mutual orbits drawn from 
3DUNHU�et al.�>�@�DUH�UHVROYHG�±�HJ���RQO\�a����RI�DOO�ELQDULHV�ZLWK�SURSHUWLHV�FRPSDUDEOH�WR�WKRVH�LQ�>�@�
are resolved in fewer than 10% of visited epochs by LSST – the remaining 95% of wide TNBs will be 

sampled in more than 10% of the total number of observations.

At each synthetic observation, the LSST seeing distribution was used to generate an estimate of the 
VHHLQJ�DW�WKH�WLPH��,I�WKH�ELQDU\�VHSDUDWLRQ�DW�WKH�HSRFK�H[FHHGHG�WKH�):+0�RI�WKH�VDPSOHG�VHHLQJ��WKH�
ELQDU\�ZDV�VDLG�WR�EH�UHVROYHG�GXULQJ�WKLV�HSRFK��)LJXUH���LOOXVWUDWHV�WKH�UHVXOWV�RI�WKLV�H[HUFLVH��:H�¿QG�
that all seven of the mutual orbits in [1] would be resolved in some fraction of observations from the 
LSST site, only 5% of all possible orientations of these seven systems will be resolved in fewer than 
����RI�DOO�LPDJHV�WDNHQ�IURP�WKH�/667�VLWH�±�ZLWK�WKH�RWKHU�����RI�SRVVLEOH�RULHQWDWLRQV�UHVROYDEOH�LQ�
more than 10% of the same images. Given the baseline of 230 r�EDQG�REVHUYDWLRQV�SHU�¿HOG�RYHU�WKH����
year LSST survey, this would net > 23 resolved epochs for 95% of these ultra-wide TNBs.

3. Estimates of sample size

The estimated H-magnitude completeness for LSST TNO observations is greater than 90% complete-
ness (differential) for H �a�������>�@��7KH�&)(36�VXUYH\�>�@�HVWLPDWH�WKDW�LQ�WKH�FROG�FODVVLFDO�.XLSHU�%HOW�
WKHUH�DUH�DSSUR[LPDWHO\�������REMHFWV�EULJKWHU�WKDQ�H�a����DQG�WKDW�WKH�OXPLQRVLW\�IXQFWLRQ�RI�WKLV�SRSX-
lation is steep with Į�a�������7KLV�ZRXOG�LQGLFDWH�URXJKO\�������REMHFWV�EULJKWHU�WKDQ�H�a���5 which 
ZRXOG�EH�UHFRYHUHG�LQ�WKH�KLJKO\�FRPSOHWH�/667�VDPSOH��([WHQGLQJ�WR�WKH������GLIIHUHQWLDO��FRPSOHWH-
ness magnitude for LSST, H�a������ZH�ZRXOG�KDYH�WR�H[WUDSRODWH�WKH�UHVXOWV�RI�WKH�&)(36�VXUYH\�RYHU�
more than half a magnitude. Adopting the same luminosity function slope over this range, we estimate 
DSSUR[LPDWHO\��������712V�EULJKWHU�WKDQ�WKLV�PDJQLWXGH��EHFDXVH�RI�WKH�VWHHSQHVV�RI�WKH�OXPLQRVLW\�
IXQFWLRQ��PRVW�GHWHFWLRQV�ZLOO�EH�LQ�WKH�ODVW�IHZ�OXPLQRVLW\�ELQV�DQG�ZH�FDQ�FRQVHUYDWLYHO\�DSSUR[LPDWH�
the differential completeness of 50% as the cumulative completeness and adopt an estimate of 10,000 
712�GHWHFWLRQV�IURP�WKH�FROG�FODVVLFDO�.XLSHU�%HOW�EULJKWHU�WKDQ�H�a���6.

7KH�EULJKWHU��PRUH�FRPSOHWH�VDPSOH�DOVR�FRQYHQLHQWO\�FRUUHVSRQGV�WR�D�UDGLXV�RI�a����NP��ZKHQ�DGRSW-
LQJ�D�JHRPHWULF�DOEHGR�RI�������7KLV�LV�WKH�UDGLXV�IRU�ZKLFK�HYHQ�ELQDULHV�RFFXS\LQJ�MXVW����RI�WKHLU�
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mutual Hill sphere will be resolvable in the 75th percentile conditions of the LSST site (Table 2). Given 
WKH�OLWHUDWXUH�HVWLPDWH�RI�D�ZLGH�ELQDU\�IUDFWLRQ�RI�a�������>�@��/LQ�et al.��������ZH�ZRXOG�H[SHFW�URXJKO\�
15 of the 1,000 TNOs detected by LSST in this bright sub-sample to be resolved binaries. Such binaries, 
being bright and easily separated, will have high signal-to-noise measurements of their mutual astrom-
etry in many visits, and consequently their mutual orbits will be very well characterized by the LSST 
observations alone.

The fainter, less complete sample will return far more resolved binaries. The limit of H�a�����FRUUH�6 corre-
VSRQGV�WR�D�UDGLXV�RI�DSSUR[LPDWHO\����NP��7KLV�UDGLXV�LV�VOLJKWO\�VPDOOHU�WKDQ�WKH�OLPLW�UHVROYDEOH�LQ�WKH�
25th percentile seeing at LSST given an am / RH �a    0.05. However, this is larger than the limit resolvable in 
even the 75th percentile seeing for am / RH�a������$V�D�FUXGH�HVWLPDWH��IRXU�RI�WKH����NQRZQ�ZLGH�ELQDULHV�
KDYH�VHSDUDWLRQV�LQ�H[FHVV�RI����RH, so we can estimate the fraction of binaries in this separation class 
to be 0.4 u�������a��������:H�WKHQ�H[SHFW����UHVROYHG�ELQDULHV�LQ�WKLV�FODVV�IRXQG�E\�/667��JLYHQ�RXU�
estimate of 10,000 cold Classical TNOs detected in total. Such binaries will have relatively low signal to 
noise observations as they are near the photometric limit of LSST, but they will be resolved under most 
conditions and orbital characterization will be possible.

If we consider the limiting primary radius which can be resolved in 25th percentile conditions by LSST 
JLYHQ�D�VHSDUDWLRQ�LQ�H[FHVV�RI����� RH��ZH�¿QG�RP a������NP�ZKLFK�WUDQVODWHV�WR�H�a���2 given an albedo 
RI������7KLV�PDJQLWXGH�OLPLW�LV�FRPSDUDEOH�WR�WKH�PDJQLWXGH�DW�ZKLFK�WKH�&)(36�HVWLPDWHV�DUH�GH¿QHG��
ZLWK�DSSUR[LPDWHO\�������EULJKWHU�REMHFWV�LQ�WKH�FROG�FODVVLFDO�.XLSHU�%HOW�LQ�WRWDO��*LYHQ�D�ZLGH�ELQDU\�
IUDFWLRQ�RI�������ZH�H[SHFW����UHVROYHG�ELQDULHV�LQ�WKLV�VDPSOH��:KLOH�WKHVH�REMHFWV�ZLOO�KDYH�PRGHUDWH�
VLJQDO�WR�QRLVH�REVHUYDWLRQV��WKH\�ZLOO�EH�UHVROYHG�XQGHU�D�VPDOOHU�QXPEHU�RI�FLUFXPVWDQFHV��a������
than the previous two cases.

The preceding sub-samples have some overlap, and when accounting for the variation of observable 
fraction of Hill sphere with radius along with the increasing number of TNOs in the sample with de-
FUHDVLQJ�UDGLXV��WKH�WRWDO�VXP�RI�71%V�H[SHFWHG�WR�EH�UHVROYHG�LQ�DW�OHDVW�WKH���th percentile conditions 
(and therefore with >a   60 resolved observations in r�EDQG�DORQH��LV�DSSUR[LPDWHO\������7KLV�ELQDU\�VDP-
SOH�UHSUHVHQWV�WKH�V\VWHPV�WKDW�ZLOO�EH�RUELWDOO\�FKDUDFWHUL]HG�E\�/667�LWVHOI��JLYHQ�WKH�UDSLG�LQFUHDVH�RI�
binary fraction with decreasing mutual separation (eg., [8]) and that for eccentric systems the observed 
VHSDUDWLRQ�FDQ�VLJQL¿FDQWO\�H[FHHG�WKH�SURMHFWHG�PXWXDO�VHPL�PDMRU�D[LV�LQ�VRPH�IUDFWLRQ�RI�REVHUYD-
WLRQV��HJ���>�@���D�VLJQL¿FDQWO\�ODUJHU�QXPEHU�RI�V\VWHPV�ZLOO�OLNHO\�EH�GLVFRYHUHG�E\�/667�EXW�QRW�GL-
rectly orbitally characterized.

4. Value of Large Mutual Orbit Sample

x� ([FHSWLRQDOO\�GHWDLOHG�G\QDPLFDO�GHFRPSRVLWLRQ��'R�SURJUDGH�71%V�H[KLELW�D�PDUNHG�GLIIHU-
HQFH�LQ�PXWXDO�RUELW�SURSHUWLHV�FRPSDUHG�WR�UHWURJUDGH"�6XFK�D�GLIIHUHQFH�PLJKW�LQGLFDWH�VHSD-
rate formation pathways dominating for prograde and retrograde orientations [10, 11, 1].

x� 'HWDLOHG�KRVW�SRSXODWLRQ�VWDWLVWLFV��'RHV�WKH�.HUQHO�FRPSRQHQW�RI�WKH�FROG�&ODVVLFDOV�>�@�RU�WKH�
collisional family of Haumea (Brown et al.�������KRVW�ZLGH�ELQDULHV"�$UH�WKHUH�DQ\�VXFK�ZLGH�
ELQDULHV�DPRQJVW�WKH�KRW�&ODVVLFDOV"�,V�WKH�RQH�UHVRQDQW�ZLGH�HTXDO�PDVV�ELQDU\�>�@�DQ�DQRPDO\��
RU�GRHV�LW�UHSUHVHQW�D�SRSXODWLRQ�RI�UHVRQDQW�ZLGH�71%V"

x� ,V�WKH�IUDFWLRQ�RI�ELQDULHV�FRUUHODWHG�ZLWK�SULPDU\�UDGLXV��LQGLFDWLQJ�FROOLVLRQDO�PRGL¿FDWLRQ�RI�
WKH�.XLSHU�%HOW�>����@"

7KH�¿QDO�SRLQW�LV�SDUWLFXODUO\�LPSRUWDQW��DV�D�FRUUHODWLRQ�RI�ELQDU\�IUDFWLRQ�ZLWK�UDGLXV�ZRXOG�EH�SDU-
WLFXODUO\� LQWHUHVWLQJ� IURP� D� G\QDPLFDO� VWDQGSRLQW�� KRZHYHU�� LW�ZRXOG� DOVR� VLJQL¿FDQWO\� XQGHUFXW� WKH�
probability of detecting a large sample of wide binaries with LSST. Sheppard et al. [7] present a sur-
YH\�ZKLFK�GLVFRYHUHG�������IDLQW�712V�DQG�RQO\�¿QG�RQH�V\VWHP��WKH�EULJKWHVW�LQ�WKHLU�VDPSOH��WR�EH�
D�ELQDU\��,I�VXFK�D�ORZ�ZLGH�ELQDU\�IUDFWLRQ�LV�FKDUDFWHULVWLF�RI�WKH�VPDOO�REMHFWV�LQ�WKH�FROG�&ODVVLFDO�
SRSXODWLRQ��WKHQ�WKH�OLNHO\�VDPSOH�VL]H�RI�ZLGH�ELQDULHV�GLVFRYHUHG�E\�/667�ZLOO�EH�GUDVWLFDOO\�UHGXFHG��



23

the estimates of the number of binaries in the bright subset discussed previously would be the least af-
fected. However, the binary 2000 CF105�KDV�D�SULPDU\�UDGLXV�RI�a����NP��PDNLQJ�LW�H[WUHPHO\�VHQVLWLYH�
WR�FROOLVLRQDO�GLVUXSWLRQ��,WV�FRQWLQXHG�H[LVWHQFH�DUJXHV�DJDLQVW�D�VWURQJO\�FROOLVLRQDOO\�HYROYHG�.XLSHU�
%HOW�>�@�DQG�JLYHQ�WKDW�LWV�DOEHGR�LV�KLJK��a�����– 0.3) relative to the mean of the cold Classicals it may 
UHSUHVHQW�D�EULJKW�PHPEHU�RI�D�ODUJH�SRSXODWLRQ�RI�VPDOO�.XLSHU�%HOW�ELQDULHV�

Conclusion

The population of ultra-wide TNBs are valuable tracers of the dynamical history of the outer Solar Sys-
tem, but at present the conclusions that can be drawn from them are limited by small-number statistics. 
Barring any strong correlation of binary fraction with primary radius, LSST will characterize roughly 
100 ultra-wide TNBs and discover many more. Such a sample will allow substantially stronger conclu-
sions to be made regarding the origins of these systems and their implications for the history of the outer 
Solar System. Careful debiasing will allow disentangling of albedo distribution and binary fraction 
WUHQGV��IXUWKHU�FRQVWUDLQLQJ�WKH�FROOLVLRQDO�JULQGLQJ�RI�WKH�.XLSHU�%HOW�
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