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ABSTRACT

We report the discovery of a Jupiter-size planet transiting a relatively bigkt (1.56 ) and metal-rich early
K dwarf star with a period 0f2.9 days. On the basis of follow-up photometry and spectroscopy we determine
the mass and radius of the planet, HAT-P-3b, toMye= 0.599+ 0.026 M,,, andR, = 0.890+ 0.046R,,,
The relatively small size of the object for its mass implies the presence of abddy Worth of heavy elements
(~3 of the total mass) based on current theories of irradiated extrasolar giant planets, similar to the mass of the
core inferred for the transiting planet HD 149026b. The bulk density of HAT-P-3b is found tp, be
1.06 £ 0.17g cm 3, and the planet orbits the star at a distance of 0.03894 AU. Ephemerides for the transit
centers arfl, = 2,454,218.7594+ 0.0029+ N x (2.899703+ 0.000054) (HJD).

Subject headings: binaries: spectroscopic — planetary systems — stars: fundamental parameters —
stars: individual (HAT-P-3) —techniques: spectroscopic

1. INTRODUCTION box-shaped transit signals using the BLS algorithm of Ksva
Ground-based surveys for extrasolar transiting planets have(at al. (2002). A prominent 2.9 day signal was detected in the
. . . . : | = 10.52mag star GSC 0346600819 (also known as 2MASS
D o5 e, Thi il = ol el 13442256 4601432« = 1344722.88, 0 ~ 44501432,
J2000.0) with a transit depth of 0.014 mag and a dip-signifi-

standing of these objects significantly by pushing the limits of ; -
parameter space, either in planet mass, radius, or some othego1c€ parameter (DSP) efl1 (Kovecs & Bakos 2005). This

ey . (Eiscovery light curve is shown in FigurealThe standard
property. Here we announce a new transiting planet, th'e thlrddeviation of the measurements after the EPD procedure was
to come out of the HATNet survey, around a star previously

known as GSC 0346600819. It is the smallest yet discovered 0.009 mag. Altogether 5 partial and 2 full transits were ob-

photometrically, and appears to have a heavy-element conten er\{ed.. As shoyvn in the following sections the transiting com-
representing a ,substantial fraction of its Mass anion is a Jovian planet. Hereafter we refer to the star as HAT-

P-3, and to the planetary companion as HAT-P-3b.
The near-infrared color of the stad ¢ K, = 0.49 ) corre-
2. PHOTOMETRIC DETECTION sponds to an early K dwarf, and the annual proper motion listed
GSC 03466-00819 is located in our internally labeled field in the Tycho-2 catalogy(, cosé = —23.3+ 2.9 mas yr ,
“G145” centered atx = 13"48" 5 = +4500 , which was #; = —24.0= 2.6 mas yr*; Hgg et al. 2000) is consistent
observed using the 11 cm aperture HAT-5 instrument of the With this. The photometric ephemeris was determined by com-
HAT network (HATNet; Bakos et al. 2002, 2004), located at bining all recorded HATNet transit events with a full transit
the F. L. Whipple Observatory (FLWO) on Mount Hopkins Observed more rt_acently at higher prec_ision with a I.arg.er tele-
(Arizona). The field was observed in single-station mode, i.e., SCope, as described below. The period we obtairP is:
without networked operations between Arizona and HATNet's 2.899703+ 0.000054days, and the reference epoch of transit
other station in Hawaii. Observations over an extended interval center isT, = 2,454,218.7594- 0.0029 (HJD). We use this
of 6 months (from 2006 January 28 through 2006 July 22) ephemeris for the remainder of the paper.
yielded some 3200 photometric measurements per star for ap- We note that HAT-P-3 has a faint £ 15 ) and red«
proximately 10,000 stars in the field downlte 14 . Following K, = 0.8 companion at an angular separation e10'
standard frame calibration procedures astrometry was per-(2MASS 134423454801387), which is entirely within the
formed as described in"P& Bakos (2006) and aperture pho- aperture used for the HATNet photometry. If this happened to
tometry results were subjected to the detrending algorithms webe an eclipsing binary, we estimate, based on the relative fluxes,
refer to as external parameter decorrelation (EPD; describedthat 1.6 mag deep eclipses of this star could mimic the observed
briefly in Bakos et al. 2007) and the trend filtering algorithm shallow transits seen in the merged light curve. However, our
(TFA; Kovéacs et al. 2005). We searched the light curves for follow-up photometry describeai§ 3 withmuch better spatial
resolution shows that the shallow dips in brightness are indeed
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Fic. 1.—(a) Unbinned instrumental-band discovery light curve of HAT-
P-3 obtained with HATNet, folded with the period Bf= 2.899703 days) (
Unbinned instrumental Sloarband photometry collected on UT 2007 April
27 with the 1.2 m telescope at FLWO, along with our best-fit transit model
curve (see text).
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TABLE 1
RELATIVE RADIAL VELOCITY MEASUREMENTS
oF HAT-P-3
BJD? RV Ory
(2,400,0006-) (ms?) (ms?') Phase
54187.01101..... —38.9 1.5 0.051
54187.12931..... —67.4 1.6 0.092
54187.97909..... —78.9 1.8 0.385
54188.05795..... —-59.3 1.3 0.412
54188.98084..... +75.9 1.4 0.730
54189.06253..... +75.9 1.4 0.759
54189.11203..... +73.9 1.5 0.776
54250.85697...... —48.1 2.1 0.069
54278.86111..... +65.2 2.9 0.727

@ Barycentric Julian date.

mated photometric errors of each star). The aperture yielding
the lowest scatter outside of transit was used in the subsequent
analysis. The light curve of HAT-P-3 (Figbl was then de-
correlated against trends using the out-of-transit sections and
a dependence on hour angle and zenith distance. The photom-
etry is somewhat affected by occasional thin cirrus during the

with the CfA Digital Speedometer (Latham 1992) over aninterval night, and has a typical precision 2.5 mmag per individual

of 25 days. These observations coverA5
order centered at 518A
MAN = 35,000 Radial velocities were obtained by cross-corre-
lation and have a typical precision of 0.4 km'.sThey showed

no variation within the uncertainties, ruling out a companion of

stellar mass. The mean velocity423.8 = 0.1 km s™

Higher resolution spectroscopy was conducted with the
HIRES instrument (Vogt et al. 1994) on the Keck | telescope.

With a spectrometer slit of 0.86the resolving power is
NAN = 55,000 and the wavelength coverage~8800—8000

A. An iodine gas absorption cell was used to superimpose a

dense forest of, lines on the stellar spectrum and establish
highly accurate wavelength fiducial (see Marcy & Butler 1992).

A total of nine 12 minute exposures were obtained between

2007 March and June with the iodine cell, along with one

a

in a single echellemeasurement at 20 s cadence.
, and have a resolving power of

4. ANALYSIS

Modeling of thei-band light curve was carried out using the
formalism of Mandel & Agol (2002). Quadratic limb-darkening
coefficients ¢, = 0.3832 andu, = 0.2683 ) were taken from
the tables of Claret (2004) by interpolation to the stellar prop-
erties given in Table 2. The period was held fixed, and the orbit
was assumed to be circular, since the eccentricity is not suffi-
ciently well constrained by the presently available velocity mea-
surements. The four adjusted parameters are the planet-to-star
ratio of the radii R,/R, ), the normalized separatia/K, ) where
ais the semimajor axis of the relative orbit, the impact parameter
(b = acosi/R,), and the time of the center of the transit ( ).
A grid search was performed at a fixdd to locate ife

without I, for use as a template. Relative radial velocities in
the solar system barycentric frame were derived as describe
by Butler et al. (1996) including full modeling of the spatial

and temporal variations of the instrumental profile. The results
listed in Table 1, have internal erross3 m s*.

The iodine-free template spectrum from Keck was used to
infer the atmospheric parameters of the star. A spectral synthesi
modeling was carried out using the SME software (Valenti &
Piskunov 1996), with wavelength ranges and atomic line data
as described by Valenti & Fischer (2005). The effective tem-
perature T ), surface gravitiog g, ), iron abundance ([Fe/H]),
and projected rotational velocity §ini ) we obtain are listed in
Table 2, where the uncertainties represent internal errors. The

d”ninimum in the parameter space of the other three variables,
and these were subsequently held fixed to optifiize . The pro-
cess was iterated until convergence. Uncertainties were estimated
"by alternately fixing each parameter at a range of values near
the minimum and allowing the others to float, until the best-fit
§0Iution produced an increase in th¢  corresponding tora 1
change. The results are shown in Table 3.

The relative radial velocities of HAT-P-3 were fitted with a
Keplerian model constrained to have zero eccentricity. The

TABLE 2
STELLAR PARAMETERS FOR HAT-P-3

temperature and surface gravity correspond to an early K dwarf. Parameter Value Source
Photometric follow-up of HAT-P-3 was carried out in the To (K)o 5185 + 46 SME
Sloani band with KeplerCam (see Holman et al. 2007) on the [Fe/H] ... +0.27 + 0.04 SME
1.2 m telescope at FLWO. After several attempts thwarted by logg. (cgs).......... 4.61+ 0.05 SME
weather we obtained a reasonably complete and high-precision ‘,\’,Is'r('l\'/l(k)m S e 8'3328;356 YqéﬁESMEb
light curve of HAT-P-3 on UT 2007 April 27. An astrometric RORL) eeoevreeinnns 0.824088 Y24 LC+SME
solution between the individual frames and the 2MASS catalog Lo (L) wevrarnannnn 0.442°907 Y2+LC+SME
was carried out using first order polynomials based~da00 My (mag)............ 586+ 020  Y'+LC+SME
stars per frame. Aperture photometry was performed using a g?s?a(r%g)(p.é). ________________ 1264;'313 T(z:['[gigmg

series of apertures on fixed positions around the 2MASS-based
(X, Y) pixel coordinates. We selected a frame taken near the
meridian and used70 stars and their magnitudes as measured
on this reference frame to transform all other frames to a com-
mon instrumental magnitude system (weighting by the esti-

2 SME = “Spectroscopy Made Easy” package for anal-
ysis of high-resolution spectra (Valenti & Piskunov 1996).
See text.

®Y2+LC+SME = Yale-Yonsei isochrones (Yi et al.
2001), light curve parameters, and SME results.
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TABLE 3 : : : : : :
SPECTROSCOPIC AND LIGHT CURVE SOLUTIONS 100 |- J
FOR HAT-P-3, AND INFERRED PLANET PARAMETERS
Parameter Value T
Spectroscopic parameters: B
Pr(days).....covvviiiiininnn. 899703 + 0.000054 >
T2 (HID — 2,400,000)...... 54218.7594+ 0.0029 K
KMs?) oo 89.1+ 2.0 ©
y (MSY -148+ 1.5 .
B Gadlopted) 3
Light curve parameters: 3
AR, 10.59° 955 =
R/R, oo 0.1109590% |
b= acosi/R, ............... 0.517011 —100 |} (a) 1
[N (e [1o ) I 87.24 0.69 T S B
Transit duration (days)..... 00858 + 0.0020 e S S Sy B A B S S
Planet parameters: sor ]
M, My oo 0.59% 0.026 =
(R +eveeenanaaianin, 0.89G= 0.046 'm ;
pR: © c’;)n’a) ................... 1.06+ 0.17 g of-- ;H """""""""""""" . & S ]
QAU .o 03894 + 0.00070 = $
109Gy (CYS). -+ veeeerrvinnnnnn 3.310- 0.066 = (b) |
#Held fixed from the photometric determination (§ 2). S T
0.0 0.2 0.4 0.6 0.8 1.0

Photometric phase

ephemeris was held fixed at the value Pdetermined in § 2
andT, from the light curve analysis. The solution fits the data E_ItG-I f?t-—ﬁ) Radial erlocti_ty m?asg_rteTﬁer?ts forT :AT-P;3 alfong with Iour_t

; = ; orbital fit, shown as a function of orbital phase. The center-of-mass veloci
well (See Fig. a)’ buthas an rms scatter of 4.7 rﬁgccountmg has been subtracted)Bisector spans (BS[))for our 10 Keck spectra (templatey
for _the _number of degrees of freedom) that_|s Iarger than the + 9 iodine exposures), computed as described in the text. The mean value
typical internal errors (1.3-2.9 m9. No obvious long-term  has been subtracted, and the vertical scale is the same aj in (
trends are seen in the residuals. Inspection of the spectra reveals

itrr:g;{c;rtli?/ ecgflaHsggﬂ é(ellrr](f: cﬂlsc;ﬂ?gmrggdﬁgicegz\s/lion ?ﬁ.f?s by comparison with stellar evolution models from the Yonsei-
9 P . Yale (Y? series by Yi et al. (2001). However, because a direct

known to cause excess scatter in the velocities (e.g., Saar & .. : : : o !
Donahue 1997), and is often referred to as “jitter.” While we estimate of the distance is unavailable (HAT-P-3 was not ob

cannot rule out other systematics that may be causing our intern erved during thélipparcos mission), we have used as a proxy
Y y 9 or luminosity (L, ) the quantitya/R, from the light curve fit,

errors to be underestimated, we attribute most of the EXCESIhich is closely related to the stellar density (see Sozzetti et al.

Sczté?;ttors(t:gvci)tyr' flz(r)rrn(e)xlljre?rr(])?é fit ‘r']".ihhq\é? did;j?g d4.2éghia near 2007)- As described by those authaR, i typically a better
qu u u , Which yi ue constraint orL, than the spectroscopic valudogfg, , Which

unity. The parameters of the fit are not significantly changed, has a relatively subtle effect on the line profiles and whose

and are listed in Table 3. The minimum companion mass is s : ;
g determination is therefore more susceptible to systematic errors.
— 2/3

mp‘:‘('an Ire_se(r%sGtzhseimoaigslSo)fmt\;ll; Ztgﬂrp)/ Mo] My, where Following Sozzetti et al. (2007) we have determined the range

*\Nepinvestigate d the possibility tﬁat the radial velocities we of stellar masses and radii that are consistent with the measured
measured are the result of distortions in the line profiles due to\éﬁluﬁz\ﬂg&*fg 'éfﬁéﬂgnigmg; tr:,;/sltr;ggl?c?el{tigﬂcs\gaw;fs ' sj%s;tgd
contamination from an unresolved eclipsing binary (Santos et : : : -
al. 2002; Torres et al. 2005), instead of bpeinggdue toxrl(Je DopplermO;e conservaélve errozs forfthe spe/ctroscop|c gue_mtltles of 80
motion in response to a planetary companion. We cross-corre—g 930&0.;2%”,\/Ianand0é08= 062)3(2 48{04?[,';? H']I'.heV\;/)ereé)ic'Egzjmgar%ce
lated each Keck spectrum against a synthetic template matchin .ravitglo'fgig g® — 45770019 aéro‘e‘)g?s v%ll with the spectroscopic

: H H ’ x T . —0.0451

the properties of the star, and averaged the correlation function 2stimate (see Table 2). The nominal age we infer for HAT-P-3

over all orders blueward of the region affected by the iodine is only 0.4 Gyr, although the uncertainty is very large due to

lines. From this representation of the average spectral line profl_lethe unevolved nature of this K dwarf. While this nominal age

fould make HAT-P-3 the youngest known transiting extrasolar

Iplanet host star, we note that there is no sign of theN6708

line in the spectra of HAT-P-3 down to a factor ot lower

than the Li level in stars of similar spectral type in the Hyades

cluster, which have an age 0.7 Gyr. This would suggest an

. age for HAT-P-3 greater than 0.7 Gyr. Further evidence for an

’Solder age is provided by the measured chromospheric activity
Sndex of the star based on the @& and K lines in the Keck

spectralog R« is—4.59 + 0.06, indicating an age 6f1.3 Gyr
based on the calibration by Noyes et al. (1984).

Combined with the results from the light curve and radial
velocity modeling, the above stellar parameters yield a planet
mass ofM, = 0.599+ 0.026 M,,, and a radius ofR, =

The mass and radius of the planetary companion scale with0.890+ 0.046R,,, The surface gravity of the planet, which
those of the parent star. We have estimated the stellar propertiess independent of the stellar parameters (see, e.g., Southworth

asymmetry we calculated the “bisector spans” as the velocity
difference between points selected near the top and bottom o
the mean bisectors (Torres et al. 2005). If the velocities were the
result of a blend with an eclipsing binary, we would expect the
line bisectors to vary in phase with the photometric period with
an amplitude similar to that of the velocities (Queloz et al. 2001
Mandushev et al. 2005). Instead, we detect no variation in exce
of the measurement uncertainties (see Hy. ®/e conclude that
the velocity variations are real and that the star is orbited by a
Jovian planet.

5. STAR AND PLANET PARAMETERS
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etal. 2007), idog g, = 3.310=+ 0.066 (cgs), and is consistent a similar mass of heavy elements but considerably more hydro-
with the P/ log g, relation shown by those authors. These and gen and helium, a feature that will need to be explained by planet
other planet properties are listed in Table 3. formation models.

The absolute visual magnitude we estimate for the star using As of this writing HAT-P-3b is the smallest extrasolar tran-
the stellar evolution modelsM;, = 5.86+ 0.20 ) combined siting planet discovered photometrically. While HD 149026b
with the apparent visual magnitud®/ & 11.561+ 0.067 ; and GJ 436b (Gillon et al. 2007) do have smaller radii, they
Droege et al. 2006) yields a distanceldo + 13  pc, ignhoring were both originally discovered in Doppler surveys before tran-
extinction. With this distance estimate we investigated the pos- sits were noticed.
sibility that the faint 10 companion to HAT-P-3 mentioned in Gaudi (2005) has argued that selection effects in signal-to-
8§ 2 is physically associated. We find that it is not:Kts  -band noise-limited transit surveys tend to bias the size distribution
brightness as measured by 2MASS is approximately 2 magof close-in giant extrasolar planets toward larger radii, since
fainter than predicted for a star with ils—= K,  color, using the those objects have deeper transits and are therefore easier to
best-fit isochrone to HAT-P-3. It is therefore a background star. detect. The fact that the recent discoveries of HAT-P-3b and
XO-2b are on the small side of the radius distribution would
seem to contradict the argument. However, the transit depth in
both of these cases is not particularly smail 4%), a result

The properties of HAT-P-3b place it among the smaller tran- of the fact that the parent stars are K dwarfs rather than earlier
siting planets discovered so far, and are remarkably similar totype stars. Thus, there may still be a bias, although relatively
those of the recently announced XO-2b (Burke et al. 2007), not small. We note also that the properties of HAT-P-3b are entirely
only in mass and radius (reported as 0Ny, and 0.97R,,, consistent with the Monte Carlo simulations of the population
respectively), but also in some of the characteristics of the parentof transiting planets by Fressin et al. (2007) (see, e.g., their
star such a3,; andl, . Inthe case of HAT-P-3b, with a massFig. 17), as are other recently announced transiting planets.
of M, = 0.599M,,, the radius measured here appears too small This supports the idea that these objects are quite representative
for a pure hydrogen-helium planet according to current theory. of the general population of giant planets, and are not signif-
The models for irradiated giant planets by Fortney et al. (2007) icantly different from the Doppler planets.
indicate the radius could be explained by the presence of a heavy-
element core of some M, (~3 of the totalM,, ) for the nominal
mass, orbital semimajor axis, and age we infer, although uncer- We are grateful to the referee, T. Guillot, for helpful comments
tainties in these properties and in the planetary radius allow theon the original manuscript. Operation of the HATNet project is
range to be from about 50 to 108,,. HAT-P-3b thus joins HD funded in part by NASA grant NNG0O4GN74G. We acknowledge
149026b (Sato et al. 2005) as a hot Jupiter for which theory partial support also from thKepler mission under NASA co-
predicts a substantial fraction of heavy elements. Using the sameoperative agreement NCC2-1390 (D. W. L., PI). G. T. acknowl-
models and the published properties of XO-2b, we find that XO- edges partial support from NASA under grant NNG0O4LG89G,
2b is also expected to have a 4, core representing about and work by G. AB. was supported by NASA through Hubble
1 of its total mass. These three heavy-element rich planets, alongrellowship grant HST-HF-01170.01-A. G.. B. also wishes to
with others suggested by Burrows et al. (2007), provide impor- acknowledge the use of the photometry software that is under
tant support for the core-accretion scenario of planet formation. development by A. RaG. K. thanks the Hungarian Scientific
HAT-P-3b appears consistent with the correlation proposed by Research Foundation (OTKA) for support through grant K-
Guillot et al. (2006) between the host star metallicity and the 60750. This research has made use of Keck telescope time
amount of heavy elements in the planet interior, although theregranted through NASA; the VizieR service (Ochsenbein et al.
seems to be at least one exception to this relation (WASP-1b;2000) operated at CDS, Strasbourg, France; NASA’'s Astro-
Stempels et al. 2007). Compared to HD 149026b, HAT-P-3b hasphysics Data System Abstract Service; and the 2MASS catalog.

6. DISCUSSION AND CONCLUDING REMARKS

REFERENCES
Bakos, G. A, Laza, J., Papp, |., §4 P., & Green, E. M. 2002, PASP, 114, Latham, D. W. 1992, in IAU Collog. 135, Complementary Approaches to
974 ) Double and Multiple Star Research, ed. H. A. McAlister & W. I. Hartkopf
Bakos, G. A, Noyes, R. W., KoVes, G., Stanek, K. Z., Sasselov, D. D., & (ASP Conf. Ser. 32; San Francisco: ASP), 110
Domsa, |. 2004, PASP, 116, 266 Mandel, K., & Agol, E. 2002, ApJ, 580, L171
Bakos, G. A, et al. 2007, ApJ, submitted (arXiv:0705.0126) Mandushev, G., et al. 2005, ApJ, 621, 1061
Burrows, A., Hubeny, I., Budaj, J., & Hubbard, W. B. 2007, ApJ, 661, 502 Marcy, G. W., & Butler, R. P. 1992, PASP, 104, 270
Burke, C. J., et al. 2007, ApJ, submitted (arXiv:0705.0003v1) Noyes, R. W,, Weiss, N. O., & Vaughan, A. H. 1984, ApJ, 287, 769
Butler, R. P., et al. 1996, PASP, 108, 500 Ochsenbein, F., Bauer, P., & Marcout, J. 2000, A&AS, 143, 23
Claret, A. 2004, A&A, 428, 1001 Pd, A., & Bakos, G. A 2006, PASP, 118, 1474
Droege, T. F., Richmond, M. W., & Sallman, M. 2006, PASP, 118, 1666 Queloz, D., et al. 2001, A&A, 379, 279
Fortney, J. J., Marley, M. S., & Barnes, W. 2007, ApJ, 659, 1661 Saar, S. H., & Donahue, R. A. 1997, ApJ, 485, 319
Fressin, F., Guillot, T., Morello, V., & Pont, F. 2007, A&A, in press (arXiv: ~ Santos, N. C., et al. 2002, A&A, 392, 215
0704.1919) Sato, B., et al. 2005, ApJ, 633, 465
Gaudi, B. S. 2005, ApJ, 628, L73 Southworth, J., Wheatley, P. J., & Sams, G. 2007, MNRAS, 379, L11
Gillon, M., et al. 2007, A&A, in press (arXiv:0705.2219v2) Sozzetti, A., et al. 2007, ApJ, 664, 1190
Guillot, T., et al. 2006, A&A, 453, L21 Stempels, H. C., et al. 2007, MNRAS, 379, 773
Hag, E., et al. 2000, A&A, 355, L27 Torres, G., Konacki, M., Sasselov, D. D., & Jha, S. 2005, ApJ, 619, 558
Holman, M. J., et al. 2007, ApJ, 664, 1185 Valenti, J. A., & Fischer, D. A. 2005, ApJS, 159, 141
Kovécs, G., & Bakos, G. A2005, preprint (astro-ph/0508081) Valenti, J. A., & Piskunov, N. 1996, A&AS, 118, 595
Kovécs, G., Bakos, G. A & Noyes, R. W. 2005, MNRAS, 356, 557 Vogt, S. S., et al. 1994, Proc. SPIE, 2198, 362

Kovécs, G., Zucker, S., & Mazeh, T. 2002, A&A, 391, 369 Yi, S. K., et al. 2001, ApJS, 136, 417



