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Abstract

Following the notion that the Titius—Bode rule (TBR) mayaalse applicable to some extra-solar planetary
systems, although this number could be relatively sma#,applied to 55 Cancri, which is a G-type main-sequence
star currently known to host five planets. Based on a detadéclilational process that incorporates a generalized
version of the TBR by considering four different metrics foe assessment of planetary distances, we tentatively
predict four hypothetical planets (or more generally: plany positions) around 55 Cancri, located approximately
at 0.085, 0.41, 1.50 and 2.95 AU from the star. The planétt—+ 0.05 AU (if existing) appears to be located
at the outskirts of the stellar habitable zone, which isciéfd by stellar parameters as well as the adopted model
for the outer boundary of circumstellar habitability. Thestence of this planet is fully consistent with previous
detailed orbital stability simulations based on the fivewng@lanets. For example, Raymond et al. (2008) [ApJ
689, 478] argued that additional planets would be possibteiden 55 Cnc f and 55 Cnc d, including planets at
locations near 1.50 and 2.95 AU. Specifically, if two additibplanets are assumed to exist between 55 Cnc f and
55 Cnc d, the domains of stability would be given as 1.3—1db28-3.3 AU. As part of our study, we also consider
possible changes in our results in reply to the finding tha&e may be located at 0.0156 rather than at 0.038 AU.
We find that none of our conclusions is impacted by the ac@dinhange of position for 55 Cnc e. Moreover, we
compute the distance of the next possible outer planet o5Th€nc system, which if existing is predicted to be
located between 10.9 and 12.6 AU. This data is again consisith the results from previously obtained stability
models, which argue that any orbitally stable planet in theChc system exterior to 55 Cnc d would be located
beyond 10 AU.
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1. Introduction of Titius—Bode type are, or are not, significant, a conclasio
that also appears to be consistent with the work by Hayes &
One of the more controversial aspects in the study of tiieemaine (1998). On the other hand, the conclusions by Lynch
Solar System as well as studies of selected extrasolarpla(@003) were criticized by NesluSan (2004), who argued that
tary systems is the application of the Titius—Bode rule (JBRbased on their approach the corresponding sequence of TBR
Historically, the TBR was first derived and applied to theg®ol distances matches the power law by chance with a very low
System where it played a significant role in the search for ngwobability.
planetary objects (e.g., Nieto 1972). The discovery of Usan If no appropriate physical explanation for the TBR is identi
by Herschel in 1781 and the largest object of the Mars—Jupifed, it is typically argued that the TBR may be merely a rule of
asteroid belt, Ceres, by Piazzi in 1801 appeared to confiem tthance (“numerology”), fueled by the psychological terayen
applicability and significance of the TBR. The TBR histoliga to identify patterns where none exist (Newman et al. 1994). O
given by the formula the other hand, there are previous detailed astrophysida s
n trodynamical studies that potentially point to a physicati
™ =04+03x2% n=-00,0,1,2,3,.. (1) ground of the TBR, at least for the Solar System and (by impli-
(in AU) is, however, entirely inapplicable to Neptune and toation) for a selected number of extrasolar planetary syste
the former Solar System planet Pluto, which is still consede as well. For example, White (1972) argued that jet streams
to be an appropriate representative of the steadily incrgasmay develop in a rotating gaseous disk at discrete orbigal di
number of Kuiper Belt Objects (e.g., Jewitt & Luu 2001).  tances given by a geometric progression. This result appear
A considerable amount of previous discussion revolvé® broadly consistent with work by Schmitz (1984), who pur-
around the interpretation of the TBR for the Solar Systersued an analytic analysis of the structure, stability, amchfof
including its well-known insufficiency, see, e.g., Graner &narginally stable axisymmetric perturbations of idealize-
Dubrulle (1994), Hayes & Tremaine (1998), Lynch (2003)ating gas clouds. His study shows that the radial partsef th
and NesluSan (2004) for previous studies largely basedasn £xpansion solutions obtained from the governing diffaednt
tistical analyses. For example, Lynch (2003) argued thatyiield simple oscillating functions with TBR-type features
is not possible to conclude unequivocally that laws (orgule A similar approach was undertaken by Graner & Dubrulle
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Table 1. Stellar Parameters

Quantity Value Reference

Spectral Type G8V Gonzalez (1998)
Distancé 12.5+0.13 pc ESA (1997)

Apparent Magnitude V. 5.96 SIMBAD webstte

RA Coordinate 0852 35.811 SIMBAD webdite
DEC Coordinate +28 19 50.95 SIMBAD webdite
Effective Temperature 5280 K see text

Radiu$ 0.925+0.023 R, Ribas et al. (2003)
Mass 0.924+0.05 Mg Valenti & Fischer (2005)
Age? 543 Gyr Fischer et al. (2008)
Metallicity [Fe/H] +0.314+0.04 Valenti & Fischer (2005)

“Data from theHipparcos Catalogue.

bSeeht t p: // si nbad. u-strasbg. fr

¢Alternative value: 1.15- 0.035R, (Baines et al. 2008).

4A more stringent determination, which4ss + 1 Gyr, has been given by Donahue (1998) and Henry et al. (2000).

Table 2. Planetary Systefn

Planet Distance (AU) Period (d) M sini (My) Discovery

55Cnce 0.038 +£0.0000010 2.81705 £ 0.0001 0.034 + 0.0036 2004
55Cncb 0.115 +0.0000011 14.65162 + 0.0007 0.824 + 0.007 1996
55Cncc 0.240 + 0.000045 44.3446 +£0.007 0.169 +0.008 2002
55Cncf 0.781 +£0.007 260.00 +1.1 0.144 +0.04 2007
55Cncd 5.77 +£0.11 5218 £ 230 3.835 £0.08 2002

2Data given by Fischer et al. (2008) and references therein.

(1994), who argued that a Titius—Bode type law emerges a@empts to describe the Solar System in terms of fractaldraje
tomatically as a consequence of the scale invariance aad rabries governed by a Schrodinger-like equation. The maysi
tional symmetry of the protoplanetary disc, and that such geackground and justification of this approach, howeveraiem
ometrical relationships are a generic characteristic ofoadb highly uncertain. A controversial but testable aspect isfttte-
range of physical systems. Li et al. (1995) investigated tloey is that it proposes the existence of one or two small pane
nonlinear development and evolution of density disturleancbetween the Sun and Mercury, which to date have no support
in nebular disks on the basis of one of their previous studighrough observations. On the other hand, these studiestpoin
Their analysis showed that the perturbed density is urestaliie general possibility of “empty” orbits, which may alsoddfe
with respect to self-modulation, leading to the formatidn dnterest to other applications of the TBR.
density field localization and collapse. In the case of a self In the following, we will apply a generalized version of the
similar collapse, the perturbed density was found to insgeal BR, without subscribing to a specific physical interprietat
with time and to form steady rings with very large but limito the planetary system of 55 Cancri = Cnc = HD 75732
amplitudes. The distances of these rings were found toviolla= HIP 43587 = HR 3522; G8 V) (see Table 1), which is the
a geometric progression akin to the TBR. fourth star other than the Sun after 51 Peg, 70 Vir, and 47 UMa
Another approach invoking statistical numerical exper{not counting the pulsar PSR 1257+12 as well as other con-
ments was adopted by Hayes & Tremaine (1998). They chdseversial cases) that was identified hosting a planet. A pre
to fit randomly selected artificial planetary systems toubiti  vious effort to apply the TBR to 55 Cnc has been pursued by
Bode type laws considering a distance rule inspired by thle HPoveda & Lara (2008), which will also be discussed in our pa-
stability of adjacent planets. They did not identify a heighper. 55 Cnc is known to host five planets, named 55 Cnc b
ened significance of the TBR, except that its meaning is that55 Cnc f, which were discovered between 1996 and 2007
stable planetary systems tend to be spaced in a regular mayButler et al. (1997), Marcy et al. (2002), McArthur et al.
ner. However, they indicate that their method could be us€2004), and Fischer et al. (2008); note that all planets were
to identify potentially unstable planetary systems, egdlgdf tected using the radial velocity method. The approximate po
applied in conjunction with long-term orbit integratiomsfur-  sitions of the planets are 0.038, 0.115, 0.240, 0.781 5.77 AU
ther contribution to the interpretation of the TBR was mage lrespectively, and their masse/{ sin¢) range from 0.034 to
Nottale (1996) and Nottale et al. (1997) based on an appro&B35M; (see Table 2). However, there is still a controversy
of scale relativity and quantization of the Solar Systematdt regarding the location of the innermost planet 55 Cnc e, whic
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Table 3. Stellar Effective Temperature

Togr (K) Reference 6 °
51504 75 Gonzalez (1998) |
5336+ 90 Fuhrmann et al. (1998) S /
5250+ 70 Gonzalez & Vanture (1998) |
5243+ 93 de Strobel et al. (2001) S 4 !
5338+ 53 Ribas et al. (2003) < /
5279+ 62 Santos et al. (2004) 8 3 @
52344 44  Fischer & Valenti (2005) S /
"(7; /
a 2 )/
based on a re-analysis of existing data may actually be pc o
tioned at 0.0156 AU (Dawson & Fabrycky 2010). 1 - ’
Also note that the detection of the outermost planet 55 Cn¢ o
constitutes the first exosolar planet discovered orbitarther ol—e—C—-2 -®-
than 4 AU from its host star, indicating that Jupiter-typarpl 1 2 3 45 6 7 8 9

ets at Jupiter-like distances in exoplanetary systems roay

be rare. Moreover, there is an ongoing discussion about L.
principal possibility of additional planets in the 55 Cncssy
tem, particularly in the gap between 0.8 and 5 AU. This spec- Flig- L. DiStaf;‘?eS of observed (full Cirr]c'es) a(‘:”d predicted (Osdﬁ?‘c)i
lation s fueled by detaied orbita sabilty stdiescling D7 (0 Peretay postons b e 89 Cu syte. Theed
studies involving putative Earth-mass planets (von Bloalet  Tapje ).

2003; Rivera & Haghighipour 2007; Raymond et al. 2008; Ji

et al. 2009). If such a plane_t exists, _it would also_poss_ib1y I 5 Methods and Results

ply the presence of a potentially habitable planet if appete

conditions are met (e.g., Lammer et al. 2009). 2.1.  Computation of the TBR Parameters

The star 55 an is a middle-aged main_-sequence star_ with &he centerpiece of our study consists in applying the TBR
mass of approximately 0.9H, (Valenti & Fischer 2005), with 4, the planetary system of 55 Cnc. Akin to the application of
a stellar effective temperature of about 5250 K (see Tahle §)o TBR to the Solar System, we select as approach

From theHipparcos parallax of79.8 + 0.84 mas (ESA 1997), o
a luminosity 0f0.61 + 0.04 L. (see Table 1) can be deduced, ,TB — {A - !f t= 1 2)
which is consistent with its spectral type G8 V (Gonzalez A+B-z'72 if i>1
1998); see also discussion by Marcy et al. (2002). The ablere A, B, and Z constitute free parameters, which need
of the star can be obtained from the strength of the chronio-be determined based on the known positions of the previ-
spheric Ca Il H+K emission, indicating an age40% + 1 Gyr ously discovered five planets. First, we will use the origina
(Donahue 1998; Henry et al. 2000); see also Baliunas et @trsion of data given by Fischer et al. (2008) and references
(1997) for previous work. Another element of our work contherein. Based on the identified spacings of the known psanet
sists in the assessment of 55 Cnc’s circumstellar hakhitigbil 55 Cnc e, 55 Cnc b, 55 Cnc ¢, 55 Cnc f, and 55 Cnc d, are
which will be pursued following the approach by Kasting etentified as =1, 3, 4, 6, and 9, respectively.
al. (1993) and Underwood et al. (2003); additionally, itlwil This version of the TBR is consistent with its original ver-
consider the possible extension of the outer boundary of haion customarily applied to the Solar System. Note han-
itability as discussed by, e.g., Forget & Pierrehumber®{)9 dicates the compactness of the system (i.e., the highehe
Mischna et al. (2000), and Halevy et al. (2009). less dense the overall planetary distribution), whetéasdi-
Our paper is structured as follows. After the introductionates the progression of the relative spacing of the plakets
of historical aspects of the TBR and 55 Cnc itself, as donthe Solar System, the free parameters of the above given equa
we describe our methods and results. Emphasis will be pladaxh take the following valuesd = 0.4, B = 0.3, andZ = 2.0.
on the calculational process concerning the TBR based en difote that based on the work by Dawson & Fabrycky (2010),
ferent metrics. In addition, we comment on the possibilitthere is a controversy regarding the location of the innatmo
of a habitable planet in the 55 Cnc system as implied by tipdanet 55 Cnc e, which based on a re-analysis of existing data
TBR. Thereafter, we consider other relevant studies, @arti may actually be positioned at 0.0156 AU instead of 0.038 AU.
larly those regarding constraints from orbital stabililmsla- In order to accomodate this possibility, we also consides-a r
tions. We also comment on a previous application of the TBRsed version of the TBR where the position of the innermost
to the 55 Cnc system given by Poveda & Lara (2008). Finallglanet is changed to{® = A/Z. Apparently, there is also the
we present our summary and conclusions. possibility of alternate approaches, which if selected ldob-
viously render different versions of the proposed TBR fa th
55 Cnc planetary system.
The main aspect of our study is to determine and optimize

Number of Planet
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Table 4. Titius—Bode Parameters

Metric A B Z
Original Data

Metric 1 0.038+ 0.007 0.049+ 0.001 1.975t 0.007
Metric 2 0.038+ 0.008 0.049+ 0.001 1.977 0.008
Metric 3 0.033+£ 0.003 0.050t 0.001 1.969t 0.005
Metric 4 0.037+£ 0.007 0.044+ 0.003 2.011t 0.022
DF10 Data

Metric 1 0.032+ 0.003 0.049+ 0.001 1.973t 0.006
Metric 2 0.031+ 0.001 0.050+ 0.001 1.97% 0.006
Metric 3 0.031£ 0.002 0.050+ 0.001 1.969t 0.006
Metric 4 0.031£ 0.001 0.04A0.001 1.99H 0.004

Table 5. Distances of Real and Hypothetical Planets (Original Bata

Planet

Observéd

Titius—Bode Rulé

Metricl Metric2 Metric3 Metric 4

55Cnce
... (HPL 1)
55Cnchb
55Cncc
... (HPL 2)
55Cnc f
... (HPL 3)
... (HPL 4)
55Cncd

0.038 0.038

0.087
0.115 0.135
0.240 0.229

0.415
0.781 0.782
1.507

2.940
577 5.770

0.038
0.087
0.134
0.228
0.414
0.780
1.506
2.940
5.775

0.033 0.037
0.083 0.082
0.131 0.126
0.226 0.216
0.414 0.397
0.784 0.760
1.512 1.491
2.946 2.961
5.770 5.916

“Data given by Fischer et al. (2008) and references therein.

bDistances in units of AU.

Table 6. Distances of Real and Hypothetical Planets (Modified Pata

Planet

Observéd

Titius—Bode Rulé

Metricl Metric2 Metric3 Metric 4

55Cnce
... (HPL 1)
55Cnchb
55Cncc
... (HPL 2)
55Cnc f
... (HPL 3)
... (HPL 4)
55Cncd

0.016 0.016

0.082
0.115 0.130
0.240 0.224

0.411
0.781 0.779
1.506

2.940
5.77 5.770

0.016
0.081
0.129
0.224
0.411
0.781
1.509
2.945
5.774

0.016 0.015
0.081 0.078
0.130 0.125
0.225 0.218
0.413 0.403
0.783 0.771
1.511 1.504
2.945 2.965
5.768 5.872

“Data of 55 Cnc e as given by Dawson & Fabrycky (2010).

bDistances in units of AU.
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piction of the observed and predicted planets. Note the very

high quality of the fit.
003 02 Before discussing further results of our study, we want to
. N present the findings from a detailed test abo_ut the conveggen
& X of the TBR Parameters, notabl. Once again, the TBR pa-
rametersA, B, andZ are obtained by trying to fit the positions
of the known planets 55 Cnc b to 55 Cnc e while using the TBR.
This requires the choice of a metric; additionally, it ales r
quires the choice of a precision parameter regarding thegfitt
of the TBR parameters that must be attained before the ppoces
of optimizing A, B, andZ is discontinued. An important con-
trol parameter is the aggragated residual of the differemttes
positions between the observed and predicted (fitted)raista

I o2 of the five known planets in the 55 Cnc system.

12345678 910111213141516171819202122232425 Our results are given in Table 7. As expected, it is found
Number of Simulation that the higher the selected precision, the more accuratéar
obtained values fod, B (not shown), and’. However, the ag-
gragated residual will never approach zero, although itatAl

0.0151 10.1

dr [55 Cnc f, HPL 3]
o
o
dr [55 Cnc d]

-0.015f

-0.03

Fig. 2. Distance variationgr for 55 Cnc f, 55 Cnc d, and the hypothet-
ical planet 3 for a series of 25 statistical simulations. $®KCnc f and

\ . . " =
55 Cnc d, these variations are due to the observational tanmties, tain a _relat'_vely Sma”_value (ie., bet\_’Vem ‘?nd5 X 10 )
which are 0.007 and 0.11 AU, respectively (see Table 2). FRl B, especially if Metric 3 is selected. This result is certaiayyex-
the distance variations were computed following the TBRetlasn pected. It is due to the fact that the TBR (if applicable) must
Metric 1 (see Table 2). be viewed as a “rule” rather than a (physical) “law”. There is

no way that the TBR as proposed (or any modification) will be
the parameterd, B, andZ based on the positions of the fiveable to precisely represent the positions of the curremttyn
known planets of the 55 Cnc system. This process requires i@ planets in the 55 Cnc system (just like encountered fer th
choice of a metric that will also entail the computation of olar System). Surely, similar limitations would apply toya
combined residual for the five known planets. In case of thgpothetical planet, if existing.
present study, four different metrics have been selectaithw  Next we focus on the case of the hypothetical planet HPL 3
are: absolute linear deviation (Metric 1), relative linel@vi- (see Table 5 and 6), positioned close to 1.50 AU; see Table
ation (Metric 2), absolute quadratic deviation (Metric 8)\d 8 for details. Concerning the four different metrics, theipo
relative quadratic deviation (Metric 4); see the Appendik f tion of HPL 3 is found to range betweént91 -+ 0.051 (Metric
further information. 4) and1.512 4 0.031 (Metric 3), if the data by Fischer et al.

Table 4 gives detailed information about the TBR parame2008) are adopted and betwekf04 -+ 0.025 (Metric 4) and
ters A, B, andZ, including their respective uncertainty barsj 511 + 0.028 (Metric 3) for the data by Dawson & Fabrycky
which are due to the observationally given distance unicerta(2010). Note again that the uncertainty in the position oEI3P
ties for 55 Cnc b to e (see Table 1). Based on the distanigevirtually inconsequential. This hypothetical planebfspo-
parameters by Fischer et al. (2008), it is found that 0.037, tentially high relevance because it may be located in 55<nc’
B ~0.048, andZ ~ 1.98. There is very little impact through habitable zone (HZ). Therefore, it will be discussed in more
the particular choice of metric. For example, the spacing paetail below.
rameterZ is found to vary betwee.977 & 0.008 (Metric 2) ~ Considering the potential importance of HPL 3, if existing,
and2.011 + 0.022 (Metric 4). Furthermore, the distance unwe also investigated the distance variationdue to the mea-
certainties for 55 Cnc b to e, given by the observations, haggrement uncertainties for 55 Cnc f and 55 Cnc d (see Table
also a relatively small effect on the values4fB, andZ; note 1) as published; here the uncertainty measurement is most su
that in case o7, the associated uncertainty is 1% or less. Htantial for 55 Cnc d (both in absolute and relative unit)e T
the revised data by Dawson & Fabrycky (2010) are selectedsults are given in Fig. 2; note that the implemented varsio
there is a virtually no effect regarding and Z; for A, now of the TBR has been based on Metric 1. Various positions for
given asA ~ 0.031, there is obviously a change, which hows5 Cnc f and 55 Cnc d were assumed using a Monte—Carlo ap-
ever is entirely uniform (within its uncertainty bar) redarg proach (Press et al. 1989) considering their observatipdat
the adopted metrics. duced distance measurements. For the sake of curiositypwe o
22, Applicationsand Tests tained a total of 25 simulations. For our series of simutatjo

the absolute variatiodr for HPL 3 was less than 0.03 AU.

The derivation of the TBR parametefs B, andZ can be  Another application of the TBR as consists in the compu-
used to “predict” additional planets (or more generallyarpl tation of the distance of the next possible outer planet ef th
etary positions) in the 55 Cnc system (see Table 5 and 8f Cnc system, i.e., located beyond 55 Cnc d, which is at a
Specifically, four hypothetical planets (or planetary fioss) distance of approximately 5.77 AU. This hypothetical pliae
are identified: 0.085, 0.41, 1.50 and 2.95 AU. As expectet fropredicted to be located between 10.9 and 12.6 AU (see Table 9)
the previous discussion, the influence of the differenicé®les  More precisely, its position is predicted in the range betwe
of metrics as well as the uncertainty about position of 55€nc11.33 + 0.42 (Metric 3) and11.86 4+ 0.73 (Metric 4), if the data
is only of very minor importance. Figure 1 offers a detailed d by Fischer et al. (2008) are adopted and betwiged3 + 0.43
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Table 7. Convergence of Titius—Bode Parameters

e — ja Metric Precision VA Residual

£ b Metricl 10-! 19  448x 10"
S & 10~2 1.98  3.75x 1072
o § 103 1.975 3.22x 1072
e w 10~4 1.9760 3.11x 1072
0.5 1 1.5 2 25 Metric 2 10! 2.0 4.62x 1071

Distance (AU) 1072 1.98 2.22 x 1071
1073 1.977 2.18x 107!
1074 1.9760 2.17x 107!

I B
(%)

Qo ° Metric 3 10~1 2.1 7.32x 1072
—2 —4

K 10 1.98 5.65 x 10
Q 1073 1.969 4.80x 1074
! 10~4 1.9710 4.77x10~*
0.5 1 15 2 2.5 Metric4 10~ 2.0 6.03 x 102
Distance (AU) 1072 2,01 2.14x10°2
1073 2.011 2.11x 1072
Fig. 3. Distances of 55 Cnc f (full circle) and the hypothetical gan 1074 2.0113 2.11x 107

3 (open circles) in relationship to the HZ of 55 Cnc, wherekdgnay,
medium gray and light gray denote the conservative, genanal ex-

treme HZ, respectively (see Table 10). The position of HPL& w . : :
computed following the TBR based on Metric 1, 2, 3, and 4 (ftom 55 Cnc, the limits of the conservative HZ are given as 0.75

to bottom) noting that the first set of 4 is based on the contiouts and 1.08 AU, whereas the Ii_mits of generalized HZ are given
according to the data by Fischer et al. (2008) and referetizasin as 0.68 and 1.34 AU (see Fig. 3 and Table 10). Surely, larger
(see Table 1), whereas the second set of 4 is based on compstat  limits are attained if the higher value for the stellar luogity

considering the modified position of 55 Cnceas derived by $oav& is adopted. The underlying definition of habitability is bds
Fabrycky (2010). The depicted uncertainty bars area®hd are mostly

due to the small observational uncertainties of 55 Cnc f &@iac d. (?h the assumption that I_IqUId surface V\,Iater ISa p_rereqzlﬂsrt
The top figure shows the HZ of 55 Cnc basedie: 0.925 R, (Ribas life, a key concept that is also the basis of ongoing and éutur
et al. 2003), whereas the bottom figure assufes 1.15 R (Baines searches for extrasolar habitable planets (e.g., Catitéaeaal.
etal. 2008), implying a relatively high stellar luminosit§0.90 L. 2006; Cockell et al. 2009). The numerical evaluation of ¢hes

limits is based on an Earth-type planet with a {,0/N,
(Metric 3) and11.66 + 0.39 (Metric 4) in response to the dataatmosphere.
by Dawson & Fabrycky (2010). We point out that concerning the outer edge of habitability,
. even less conservative limits have been proposed in the-mean
2.3. The Habitable Zone of 55 Cnc time (e.g., Forget & Pierrehumbert 1997; Mischna et al. 2000
In the following we discuss the possible location of a newlyhey are based on the assumption of relatively thick plageta
predicted planet in the HZ of 55 Cnc. The extent of 55 Cnc80O, atmospheres and invoke strong backwarming that is fur-
HZ can be calculated following the formalism by Underwoother enhanced by the presence of{@dystals and clouds. This
et al. (2003) based on previous work by Kasting et al. (1993ype of limits can be as large as 2.4 AU in case of the Sun; how-
Underwood et al. (2003) supplied a polynomial fit dependirgyer, they depend on distinct properties of the planetanpat
on the stellar luminosity and the stellar effective tempee sphere, and are therefore subject to additional studies@md
that allows to calculate the extent of the conservative &ed ttroversies (e.g., Halevy et al. 2009). Concerning 55 Cris, th
generalized HZ. Noting that 55 Cnc is less luminous than titgpe of outer limit can be as large as 1.85 AU for the standard
Sun, it is expected that its HZ is less extended than the soiellar parameters and up to 2.31 AU for the increased vdlue o
HZ, for which the limits of the generalized HZ have been givethe stellar luminosity. These limits can be applied to the hy
as 0.84 and 1.67 AU, respectively (Kasting et al. 1993). pothetical planet close to 1.50 AU (see Table 8). Note that th
The luminosity of 55 Cnc has been deduced#&d 4 0.04 position of this hypothetical planet is not significantlyesited
L, based on the stellar distance and apparent magnitude; rfaytethe choice of metric or by the type of data set, i.e., origi-
that this value is fully consistent with the standard valfers nal data versus data by Dawson & Fabrycky (2010), selected.
the stellar effective temperature and luminosity (seeddhl Based on the standard parameters for 55 Cnc, this planetiwoul
However, if the stellar radius is 1.15 0.035 R, obtained be located in the extremely extended HZ. If the increaseatval
by Baines et al. (2008) based on new interferometric measueé the stellar luminosity of 0.9Q, is assumed, it would be
ments, instead aR = 0.925 R, (Ribas et al. 2003), the revisedlocated in the generalized HZ. A depiction of the differese-s
stellar luminosity is thus given as 0.9Q,. This increased lu- narios is given in Fig. 3.
minosity is, however, difficult, though not impossible, ®cy  Another important aspect regarding the circumstellar hab-
oncile with the other parameters of 55 Cnc, such as its appartéability of 55 Cnc concerns the planet 55 Cnc f. It is a hot
magnitude, spectral type and distance. Neptune with a mass of about 15% of Jupiter’s mass; there-
Based on the standard values for the stellar parameterdae, it is almost certainly unfit to host life. 55 Cnc f is lo-
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Table 8. Distance of the Hypothetical Planet 3

Table 10.Habitable Zone of 55 Cancri

Metric Distance (AU) Description Distance (AU)
Original Data DF10 Data Standard  Alternative
Metric1 1.507+ 0.028 1.506+ 0.027 HZ-i (general) 0.68 0.84
Metric2 1.506+ 0.028 1.509+ 0.029 HZ-i (conservatn_/e) 0.75 0.93
Metric3 1.5124+-0.031 1.511 0.028 HZ-o (conservative) 1.08 1.35
Metric 4 1.491+ 0.051 1.504+ 0.025 HZ-o (general) 1.34 1.66
HZ-o (extreme) 1.85 2.31

Table 9. Distance of an Hypothetical Exterior Planet

1.50 AU appears to be warranted, it is still important to gaug

Metric Distance (AU) if such a planet could have formed in the first place noting tha
— the existence of close-in giant planet(s) have been viewed t
Original Data  DF10 Data have an adverse effect (Armitage et al. 2003). Subsequetht st
Metricl 11.36+0.44 11.35+0.45 ies by Raymond et al. (2005, 2006) have pointed out that the
Metric2 11.38+0.44 11.35+0.44 formation and habitability of terrestrial planets in thegence
Metric3 11.33+0.42 11.33+0.43 of close-in giant planets is indeed possible. Raymond et al.
Metric4 11.86+0.73 11.66+ 0.39 (2006) gave detailed simulations also encompassing the cas

of 55 Cnc. They found that assuming that the giant planets
formed and migrated quickly, terrestrial planets may be &bl

cated at or near the inner edge of the 55 Cnc’s HZ, especidigfym from a second generation of planetesimals. For 55 Cnc,
if the standard value for the 55 Cnc’s luminosity is adopte@bjects with masses up to 0}, and, in some cases, substan-
However, 55 Cnc f may be an appropriate object to host hdll water content are able to form; these objects are foond i
itable moons. Previous studies for habitable moons of ext@bitin 55 Cnc's HZ. This type of result is also consistenttwi

solar planets have been given by, e.g., Williams et al. (199fndings from the quantitative numerical program by Wetheri
and Donnison (2010). (1996), who demonstrated that habitable terrestrial péacen

form for a wide range of main-sequence stars, noting that the
number and radial distribution of those planets is reltiie
sensitive to stellar mass.

3. Consideration of Other Studies

3.1. Constraints from Orbital Stability Smulations

o 3.2.  Previous Application of the TBR to 55 Cnc
Any planet proposed to exist in a star—planet system by the

means of the TBR or otherwise needs to pass the test of orbitaft previous attempt to predict additional planets in the
stability. Previously, detailed simulations of orbitaiisiiity for 55 Cnc system based on the TBR has been given by Poveda &
the system of 55 Cnc have been given by, e.g., Raymond etlé@ra (2008). This effort occurred at a time when all currentl
(2008) taking into account the five known planets of the 55 Ck&own planets 55 Cnc b to 55 Cnc f were already discovered.
system. Raymond et al. (2008) presented a highly detaile@veda & Lara (2008) assumed a “law” of the form of
study with particular focus on the effects of mean motiomfes T8 _ 3)
nances due to the planets 55 Cnc f and 55 Cnc d. They showed "
that additional planets could exist between these two knowi AU) with o and\ as free parameters. Taking into account
planets, including hypothetical planets located near fus@® the planets 55Cnce, 55 Cncb, 55 Cnc ¢, and 55 Cnc f, located
2.95 AU. Specifically, if two additional planets are assurted between 0.038 and 0.781 AU, and represented byl to 4, o
exist between 55 Cnc f and 55 Cnc d, the domains of stabdnd A were deduced as 0.0148 and 0.9781, respectively. This
ity are given as 1.3-1.6 and 2.2-3.3 AU. This is an importafitodified TBR is very successful to also “predict” the outer-
finding regarding the hypothetical, potentially habitaplenet most planet55 Cnc d at5.77 AU, countedias 6, which how-
HPL 3, proposed to be located close to 1.50 AU (see Table &ver was well known when Poveda & Lara (2008) proposed the
A subsequent study of orbital stability was given by Ji étew law.
al. (2009). They also considered the impact of mean motionMaking 55 Cnc d also part of the fit results in a small ad-
resonances and identified various unstable locations. mnyve justment of the parametersand A, which then take the val-
they identied a wide region of orbital stability between ar@ ues of 0.0142 and 0.9975, respectively. The main aspect of
2.3 AU, a potential homestead of habitable terrestrial ggn the work by Poveda & Lara (2008) is to predict a new planet
These potential planets were also identied to have a reltivfor n = 5 and possibly also an external planet for= 7 as
low orbital eccentricity. Furthermore, the orbital stitgisim- Well. The corresponding distances of these hypotheticad-pl
ulations by Raymond et al. (2008) and Ji et al. (2009) are al§ts are thus given as 2.08 and 15.3 AU; the corresponding
lending indirect support to the principal possibility of exte- orbital periods of the the planets are approximately 3.1 and
rior planet, which, if existing, should be located betwe@ro1 62 years, respectively. None of these putative planetsxare e
and 12.6 AU from the star (see Table 9). pected to be located in the 55 Cnc’'s HZ. Moreover, the work

Although orbital stability for the hypothetical planet meaby Poveda & Lara (2008) assumes the planet 55 Cnc e to be lo-
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cated at 0.038 AU rather than 0.0156 AU as argued by Dawson
& Fabrycky (2010); obviously, Poveda & Lara published their
work before the results by Dawson & Fabrycky became avail-
able. Thus, it is unclear if or how the “law” by Poveda & Lara
(2008) could be altered to accomodate the finding by Dawson 4.
& Fabrycky (2010) if applicable.

Alike for the present work, it is up to future observational
efforts to verify or falsify the existence of any of theseativte
planets. Moreover, the effort by Poveda & Lara (2008) will as
sist in gauging the applicability of the TBR outside of théeBo
System, and help to discriminate between different vessain
the TBR if found applicable to the 55 Cnc system.

4. Summary and Conclusions

The goal of our study was to provide applications of the TBR 5.
to the 55 Cancri star—planet system. This system may consti-
tute a suitable candidate system for assessing the pdtesitia
evance of the TBR beyond the Solar System. 55 Cancri is a
G8 V main-sequence star, i.e., a star of somewhat smalles mas
and lower effective temperature than the Sun, and is cuyrent
known to host five planets. As part of this study, a calcula-
tional process was pursued that incorporates a generakzed
sion of the TBR while considering four different metrics the
computation of the planetary distances, which is appligtie¢o 6.
observed planets to tentatively propose the possibilitgdafi-
tional planets (or planetary orbital positions). The methatso
takes into account the observationally deduced unceeaiot
the distances (i.e., semi-major axes) of the five planetsvkno
to date. The study arrived at the following results:

1. If the TBR is found to be applicable to the 55 Cnc sys-
tem, a conjecture that needs to be checked in the context
of future observations, it may contain four more planets 7
(or “belts”), located between 55 Cnc e and 55 Cnc d, the ™~
currently known innermost and outermost planet, respec-
tively. The projected distances of these putative planets
are: 0.085, 0.41, 1.50, and 2.95 AU from the star.

2. This analysis is based on an implementation of the TBR
with A, B, andZ as free parameters, which were ob-
tained through careful statistical fitting considering the
five known planets of the 55 Cnc system. Based on the
parameters by Fischer et al. (2008), we obtain 0.037,

B ~0.048, andZ ~ 1.98. The parameteB indicates

the compactness of the planetary system, which is much
higher than for the Solar System as also indicated by the
conventional version of Solar System’s TBR £ 0.3).
The parametef indicates the relative geometrical spac-
ing of the planetary system; it is virtually identical to tha
of the Solar SystemA = 2.0).

3. The values ford, B, and Z are not considerably af-
fected by the statistical uncertainties in the positions
the known planets in the 55 Cnc system, the choice §
metric regarding the statistical fitting of the TBR, and thd
possible change in data for the innermost planet 55 Cn

1 The increased compactness of the planetary system of 55 dbnpared
to the Solar System is already implied by the known five pEnehich
inspired coining the term “packed planetary systems” hyesis (e.g.,
Raymond et al. 2005).

[\Vol.,

(Dawson & Fabrycky 2010); see below. The revised data
by Dawson & Fabrycky would have a miniscule effect on
B andZ; for A, the effect would be somewhat larger but
consistent (i.e., uniform regarding the various metrics).
The planet atl.50 &+ 0.05 AU (if existing) appears to

be located at the outskirts of the stellar HZ. The fi-
nal verdict of potential habitability partially depends on
the stellar parameters of 55 Cnc, i.e., its luminosity. It
also depends on the definition of stellar HZ, considering
that the outer boundary of circumstellar habitability is
considerably affected by a large variety of assumptions
(e.g., Lammer et al. 2009), particularly the adopted at-
mospheric model of the putative planet (e.g., Forget &
Pierrehumbert 1997; Mischna et al. 2000; Halevy et al.
20009).

The existence of the potentially habitable planet as pre-
dicted would be also consistent with previous orbital
stability simulations. For example, Raymond et al.
(2008) argued that additional planets could exist between
55 Cnc f and 55 Cnc d, including planets located near
1.50 and 2.95 AU. Specifically, if two additional planets
are assumed to exist between 55 Cnc f and 55 Cnc d, the
domains of stability are givenas 1.3—1.6 and 2.2—3.3 AU.
Similar results were obtained by Ji et al. (2009).

We computed the orbital distance of the next possible
outer planet of the 55 Cnc system, which if existing
would be located beyond 10 AU, as shown in the con-
text of detailed orbital stability studies by Raymond et
al. (2008). Depending on the selected metric in the ap-
plication of the TBR, our study predicts that if existing
this planet should be located between 10.9 and 12.6 AU
from the star. Therefore, this planet would in principle
be possible based on orbital stability considerations.
Based on a re-analysis of previous radial velocity
measurements Dawson & Fabrycky (2010) argue that
55 Cnc e, the innermost planet of the 55 Cnc system,
may be located at 0.0156 rather than at 0.038 AU. We
adopted a minor modification of the employed TBR, and
found that the main frame of our results remains unal-
tered. Specifically, no significant change was found for
the possibly habitable planet at 1.50 AU and the next
possible outer planet in the 55 Cnc system, located be-
yond 10 AU.

In summary, it should be pointed out that the existence of a
potentially habitable planet near 1.50 AU in the 55 Cnc syste
appears in principle possible, noting that this type is ctast
with previous simulations of orbital stability (Raymondagt
2008; Ji et al. 2009) as well as previous studies of tergdstri
planet formation in the presence of a hot, close-in Jupytee-
anets pursued by Raymond et al. (2005, 2006) and others.
@;early, additional observational and theoretical stadiee re-
uired to verify or falsify the existence of the tentativelso-
ggsed additional planets in the 55 Cnc star—planet system.
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