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ABSTRACT

We study the capture of galactic dark matter particles (DMRyo-body and few-body systems with a symplectic map deson.

This approach allows modeling the scattering of*IDMPs after following the time evolution of the captured jeet on about 19
orbital periods of the binary system. We obtain the DMP dgrdistribution inside such systems and determine the exdraant
factor of their density in a center vicinity compared to itdagtic value as a function of the mass ratio of the bodiesthadatio

of the body velocity to the velocity of the galactic DMP windle find that the enhancement factor can be on the order of fens o
thousands.
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1. Introduction ity of a Galactic DMP wind for which, following Bertone etlal.
(2005), we assume a Maxwell velocity distributiof(v)dv =
G In 1890, Henri Poincaré proved that the dynamics of the threg54/nv?/u exp(3v?/2u?)dv.
L~ body gravitational problem is generally non-integrablefiearé .
1890). Even 125 years later, many aspects of this problerairem Our results_presented below_ show that for an SMBH bi-
(\J 'unsolved. Thus the capture cross-sectiaf a particle that scat- hary system withvesp > u there is a large enhgncement fac-
> ‘ters on the binary system of Sun and Jupiter has only recedflj 4o ~ 10" of the captured DMP volume density, taken at a
<t been determined, and it has been shown ghig much larger d_|stance of about a blnary system size, compared to its galac
LO) than the area of the Jupiter ortiit (Khriplovich & Shepelyighs tic value for all scattering energies (and not only for the BM
O\ [2009; [Lages & Shepelyansky 2013). The capture mechani¥piume density at low velocitieg < veap < u, as discussed
O is described by a symplectic dynamical map that generate8¥aL2ges & Shepelyansky (2013)). We note that the Galactic
. : : - : DMP density is estimated ~ 4 x 10%g.cnT3 | while
chaotic dynamics of a particle. The scattering, capturd,dn iensity ! gy a4 x 9 '
C) namics of a particle in a binary system recently regaineerintthe typical intergalactic DMP density is estimated togdge ~
© ‘est with the search for dark matter particles (DMP) in theusol2.5x 10-3%g.cnm (Garrett & Duda 2011} Merritt 2013). At first
<I" system and the Universe (Bertone étal. 2005; Garreti@® 9lance, this high enhancement facfgr- 10* seems to be rather
2011 Merritt 2018). Thus it is important to analyze the capt Unexpected because it apparently contradicts Liouvities-
~ and ejection mechanisms of a DMP by a binary system. Su@m. according to which the phase space density is conserved
> 'a system can be viewed as a binary system with a massive §ting a Hamiltonian evolution. Because of this, it is oftes:
>§ and a light body orbiting it. This can be the Sun and Jupitersdmed(Gould & Alam 2001; Lundberg & Edsjo 2004) that the
(G star and a giant planet, or a super massive black hole (SMB¥Jume (or space) DMP density cannot be enhanced for DMPs
and a light star or black hole (BH). In this work we analyze theaptured by a binary system, and thiys~ 1. Below we show
scattering process of DMP galactic flow, with a constant epa®at this restriction is not valid for the following reaso_rfls_st.,
density, in a binary system. One of the main questions hera/i§ have an open system where DMPs can escape to infinity, be-
whether the density of captured DMPs in a binary system caniBé ejected from the binary system by a time-dependent force
enhanced compared to the DMP density of the scattering flowinduced by binary rotation. This means that the dynamicsis n

. o completely Hamiltonian. Second, DMPs are captured (or they
The results obtained by Lages & Shepelyansky (2013) shgoer or are trapped) and are accumulated from continuum a

that a volume density of captured DMPs at a distance of tjgq4tive coupled energies near the binary during a cerégin c
Jupiter radius < rp = ry is enhanced by a factar ~ 4000 ¢ |ifetime (although not forever). Thus, the longer taptaire
compared to the density of Galactic DMPs which are Capturﬁétime, the higher the accumulated density. Third, weagbthe
after one one orbital period around the Sun and which have §bhancement for the volume density and not for the density in
energy corresponding to velociti®s < Veap ~ Vp+y/Mp/M ~  the phase space, for which the enhancement is indeed testric
1km.s? < u. Here,m,, M are the masses of the light and masy Liouville’s theorem. We discuss the details of this erden
sive bodies, respectively, ~ 220km.s? is the average veloc- ment dfect in the next sections.
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1 ' ‘ T The same map describes a microwave ionization of excited hy-
! \\ drogen atoms that is called the Kepler map, seel(see Casgdti et
0 “O‘ 1987 Shepelyansky 2012). There, the Coulomb attractiayspl
Pl the role of gravity, while a circular planet rotation iffee-
‘ tively created by the microwave polarization. The microeav
ionization experiments performed by Galvez etlal. (1988)ewe
made for three-dimensional atoms, but the ionization pet®
0 ; , BE, ‘ still well described by the Kepler map (see Casati et al. 1990
bi ‘ ; : s‘ ‘ Shepelyansky 2012). These results provide additionahaegis
@ \ in favor of a simplified Kepler map description of DMP dynam-

= 051

ics in binary systems. The dynamics of the Kepler map can be
locally described by the Chirikov standard map (see Chiriko
1979). We note that the approach based on the Kepler map has
| recently been used to determine chaotic zones in gragtaiin
j naries, see Shevchenko (2015).
0 , , ) i, The similarity of dynamics of dark]1) and Kepl&i (2) maps is
also well visible from comparing their Poincaré sectiomsysn
0 0.1 0.2 w 0.3 0.4 0.5 in Fig.[d, for the typical dark map parameters correspontbng
the Halley comet (see Fig.la iin_Lages & Shepelyansky 12013)
Fig. 1. Poincare sections for the dark map (1) (top) and the Keplgr mand the corresponding parameidesf the Kepler map.
@) (bottom) for parameters of the Halley comet case in E}.aid To take into account that decreases with, we use the re-
J = 0.007 in Eq.[2) (see text). lation J = Jp = const for q < g andJ = Joexpla(q — b))
for g > gy (below J is used instead odp). We useqy, = 1.5

The scattering and capture process of a DMP in a binary s@&da = 2.5, corresponding to typical dark map parameters (see
tem can be an important element of galaxy formation. This pro/9-1 in [Lages & Shepelyansky 2013), but we checked that the
cess can also be useful to analyze cosmic dust and DMP inRhtained enhancement is ndfexcted by a moderate variation of
action with a supermassive black hole binary. This is exgbctdh OF @- The simplicity of mapl(P) allows increasing the num-
to play a prominent role in galaxy formation, $ee Grahamlet 26" Np Of injected DMPs by a factor one hundred compared to
(2015). Thus we hope that analyzing this process will beutsef?@P [1). The correspondence betwéen (1) &hd (2) is estedlish
for understanding the properties of velocity curves in gias, °Y the relation) = 5mp/M, which works approximately for the
which was started Hy ZwickV (1933) and Rubin et al. (1980). W¥Pical parameters of Halley comet case.
note that the velocity curves of captured DMPs in our bingey s Of course, as discussed by Lages & Shepelyansky (2013),

tem have certain similarities with those found in real gilax ~ (h€ dark map and moreover the Kepler map give an approx-
imate description of DMP dynamics in binary systems. How-

ever, this approach is much morfieient than the exact solu-
2. Symplectic map description tion of Newton equations used by Peter (2009a), Peter ()009b

Following the approach developed by Pefrosky (:L9863nd Sivertsson & Edsjd (2012) and allows obtaining resuiltis w

Chirikov & Vecheslavovi(1989), Malyshkin & Tremaine (1999)tee Y (n;zér)]%/s DL/I Tslr:ief(t)g dyg;r“sr_]thr:]: \I,';%T; c?ff ;ﬁihsoallarrn?és-

and Lages.&.She?erl]yans;ky (2013)'. we used a s_yrrpleg:tic dfg-r cription is justified by the results obtained lby Petrosky
map description of the DMP dynamics in one orbital period o (1986), Chirikov & Vecheslavov (1989), Malyshkin & Tremain

DMP in & binary system (1999), Lages & ShepelyansKy (2013). Rollin et al. (2016 a

- i et all(1990).
Whe1 = Wn + F(Xn) , Xne1 = Xn+Wn+3{2, @) Casati et al. (1990)

wherex, = t,/Tp (mod 1) is given by timet, taken at the mo-
ment of DMPn — th passage through perihelicFy, is the planet
period, andv = —2E/myV2. Here E, my, andv,, are the energy, The capture cross-sectiam is computed as previously de-
mass of the DMP, and the velocity of the planet or star. The aseribed byl Lages & Shepelyansky (2013) withw)/op =
plitude J of the kick F-function is proportional to the mass ratio(ﬂzr i) L 0 [T dy [~ dgh(g, 6, ¢), whereh is a fraction of
J ~ mp/M. The shape oF (x) depends on the DMP perihelionppps cap&red g)fter (%rﬁe map iteration frem< 0 tow > 0,

distanceq, the inclination angle be_twe_en thg plan_etary pla”egiven by an interval length inside tHe(x) envelope atw| =
(x.y) and DMP plane, and the perihelion orientation angle

. congt, op = 7rr,2). The equation fow-(w) is based on the ex-
as discussed hy Lages & Shepelyansky (2013). In the follpwin . L
we use for convenience units withy = v, = rp = 1 (heremy pression for the scattering impact parameget 2qrp/Iwl. For

Dl W o et e P s n 1 K i o ot oy cepnds, e
gravitational systems). P 9 : ay

Forqg > rp the amplitudel drops exponentially witlyj and 2|s£r|/k))u/tlr$bn of captured DMPs I8N/dw = o (w)ng f(w)/2 with
F(x) = Jsin(2rx), as shown by Petrosky (1886). This functional? — 49/ "¢ .
form of F(X) is significantly simpler than the real onecpk r, The results fOU(‘_") ahddN/dW/Np’ obtlamed for map$ (1)
, while it still produces chaotic dynamics at® w < 1 and and [2), are shown in Fifl 2. Het, = [ dwngopv3f(w)/2
integrable motion with invariant curves above a chaos bordé the number of DMPs crossing the planet orbit area per unit

3. Capture cross-section

W > Wgh. In this regime the map takes the form of time. The results of Fid.]2 show that both maps give simi-
lar results, which provides additional support for the Keephap
Wni1 = Wo + JSIN(20%0) , Xni1 = X + W o2 . (2) description. The theoretical dependence 1/|w, predicted by

Article number, page 2 ¢fi6



G. Rollin et al.: Chaotic enhancement of dark matter densitynary systems

]08 06 ‘,»:"J
107 N 10’ —_ g
106 \ R \\ P
AN e \ 0.4
10° AN N - s
b& \\ = ] % 7 T
3 10’ Nk J o
3 e | 2 0.2 | p -
10 S S ’f
g :
10 107 1 a
0 A \}\ 1) 0
i e — 0 10 20 30 40 50
107 107 107 107 1 100 107107107 107 1 10" 10 o,
w/wmp w/wcap

Fig. 4. (a) Stationary radial density(r) «< dN/dr from the Kepler map

Fig. 2. (a) Dependence of the capture cross-sectioon DMP energy atJ = 0.005 withu = 17 at timets (red curve) andi = 0.035 at time

w for Sun-Jupiter (black curve, data from Ref.[8]) and for Kepler

u & 4% 10°Ty(black curve); data from the dark maprag/M = 1073

map atJ = 0.005 (red curve); the dashed line shows the dependerme shown by the blue curve at= 17 and timets for the Sun-Jupiter
o o 1/wi. (b) Dependence of the rescaled captured number of DMBase, and by the green curveuat= 0.035 andts for the SMBH; the

on energyw for the models of the left panel. Heve,, = 0.001.

9

normalization is fixed ag{OGrppdr = 1,r, = 1. (b) Volume density
pv = p/r? from the data of panef), the dashed line shows the slope

10 1
]
108 a 2 . . .
_ 10 The scattering and evolution processes were followed durin
107 ~ 2 the whole lifetimets of the SS. The total number of DMPs, in-
§ =10 jected during times for W < J and allg is N;. For the Kepler
= 0 “ o] map the highest value i; = 4 x 10'', which is 100 times
0 | higher than for the dark map.
10° Ty The time dependencBcap(t) for the Kepler map, shown
, " ‘ ' " in Fig. [3, is very similar to that found for the dark map by
10 P A I 0 : o1 ' 02 0'3 Lages & Shepelyansky (2013). For a finite SS regiosn 1/20
* (years) : . :  the growth ofNeap(t) saturates after a time scale @f ~ 10’

Fig. 3. (@ NumberNc,, of captured DMPs as a function of tinén
years for the energy range > 0 (black curve)w > 4 - 10 corre-
sponding to half the distance between Sun and the Alpha Qestzs-

years. This scale approximately corresponds tétaslive escape
timety ~ 12 yeargD ~ 10° years where the dfusion rate is
taken in a random phase approximation t@be J?/2 (see, e.g.,
Casati et al. 1987). Thefliusive spreading extends from~ 0

tem (red curve)w > 1/20 corresponding to < 100AU (blue curve); up to chaos bordemg, ~ 0.3. This value agrees well with the the-
N; = 4x 10" DMPs are injected during SS lifetinte; data are obtained oretical valuewy, = (37J)%5 = 0.29 obtained from the Chirikov
from the map((R) ad = 0.005,u = 17 corresponding to the Sun-Jupitercriterion [Chirikol 1970) (see discussion for DMP dynaniits
case (b) The top part shows the density distributiofw) o< dN/dwin  [5et0ckii 1986; Casati etlal. 1987; Khriplovich & Shepelyans
fh”eegér?é;'rgise égg;”;?'t'ﬁgdma% (gfvghz i%])s'etthgh%(\)/\t/tsomeptggm'ss?ﬁyvs 2009). The validity of the Chirikov criterion in this systemas
bution of the captured DMPs v (blaék curve), the red line shows theaISO ger_nonsdtrate_d \Z_Sh_%vc_henko (‘le)\'/vﬁ;g for the darkdmap,
slope -32. we obtain a density distribution @(vy) oc 1/w*< , correspond-
ing to the ergodic estimate according to whjgfw) is propor-
tional to time period at a givew. The results of Fig$J],2, afdl 3
Khriplovich & Shepelyanskyl (2009), is clearly confirmed.eTh cor(;ﬂrm the close similarity of dynamics described by maps (1
only difference between magd (1) afitl (2) is that the kick ampA?d (2)-
tudeJ ~ 5m,/M for (@) is_ restricted, and thu_s after one kick we
may have onlyw| < J, while for (1) some orbits can be captures, Radial variation of the dark matter density

with |w| > J = 5m,/M as a result of close encounters. However, ) . ]
the probability of such events is low. To compute the DMP density, we considered captured oaits

with w > 4 x 107°. The radial density(r) was computed by the
method described by Lages & Shepelyansky (20N3); were
determined at instant tintg; for them the dynamics in real space
was recomputed during a time periad ~ 100 years of planet.
;[]he value ofp(r) was computed by averaging over= 10°
r%)_ints randomly distributed oveit for all Nac orbits.

4. Chaotic dynamics

The injection, capture, evolution, and escape of DMPs is-co
puted as described by Lages & Shepelyansky (2013): we We al hecked that i_analvtical . .
merically modeled a constant flow of scattered DMPs with an e as((j) chec 3. 'ba a semi arp(ayllca Iz?veragl?g, usmhg
energy distributiordNs = o(W)V2 f(w)dw/2 per time unit (we a][\ Nexact b_ensny_ 'St”h ution over f"p er €ellipses for g_at_:
usedq < Gmax = 4rp). For Jupiter we havel ~ 17 > 1 and ©' Nac OrDits, gives the same result: assuming ergodicity
P pwg(r)dr = w¥?dt/2x and using Kepler's equation, the ra-
that one kick captures almost all the DMPs from the galadsic d 172 . -
tribution f(w). In this case, we used the whole distributibfw)  (rw?/2r)((1 - qw)? - (1-rw)?) ", then adding the radial den-
(w = v?). Map ([2) is simpler thar[{1) since the kick functiorsity of eachNac orbit, we retrieve the DMP radial densityr)
only depends om, which allows performing simulations with shown in Fig[#. From the obtained space distribution werdete
more DMPs. mine a fraction,, of Nac DMP orbits located inside a range<0
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6. Enhancement of dark matter density

To determine the enhancement of the DMP density captured
by a binary system we followed the method developed by
Lages & Shepelyansky (2013). We computed the total mass of
DMP flow crossing the rangg < 4r, during timets: My =

fow dwif (V)opgts = 35o4tskrpM/u, where we used the cross-
sectiono = #r3 = 8rkMrp/V2 for injected orbits withg < 4rp,

w = V2, k is the gravitational constant. For SSwat/, ~ 17 we
haveMy ~ 0.5- 10°5M.

From the numerically known fractiong; of the previous
section and the fraction of captured orbijigs = Nac/Nwt We
find the masdM;; = nrinac Mot inside the volumé/; = 47rri3/3
of radiusr < r; (ri = 0.2rp;rp; 6rp). Here Ny is the total
number of injected orbits during the timg , while the num-
ber of orbits injected in the rang®| < J (only those can
be captured) iN; = Ntot(fOJ dwf (w)/w)/( [, dwf (w)/w). For
J <« U we havex = Nig/Nj = 2u%/(3J) ~ 3.8 x 10* for
u/vp = 17 andk = 1 for u/vp, = 0.035 atJ = 0.005. Thus
for u/vp = 17 the number of orbits, injected at9 |w| < J,

N; = 4 x 10*, corresponds to the total number of injected or-
bits Nyt ~ 1.5 x 108, Finally, we obtain the global density en-
_ _ _ hancement factafy(ri) = pv(ri)/pg ~ 16mmrinac(rp/ri)rsVp/u,
Fig. 5. Density of captured DMP33 at present timgT, ~ 4x 10° \whererg = ts/Tp is the injection time expressed in the num-
for the dark map atmy/M = 10 andu/v, = 0.035Top pandls — por of planet periodd, = 2trp/vp. Foru? > J it is useful

DMP surface densitys o« dN/dzdr, shown at theleft in the cross . - '
plane (Qy, 2) perpendicular to the E)Ianetary orbit (data are averagga det(_ermlne _the_ enhancement= py(ri)/pgs Of the Scatt_ere_d
galactic density in the range & W] < J, whose density is

overr, = /X2 +y? = const), at theright in the planet planexy, 0);
only the range| ;/6 around)the centegr is shoWB%ttom p%nels:)(c)(l)rré- P = 1.38093%2(vp/u)®. Thus, =.0.72§g(u/vp)3/J3/2.
sponding DMP volume densify, « dN/dxdydz at theleft in the plane The results of the DMP density enhancement facf@nsd/y
(0,y,2), at theright in the planet planex(y, 0); only the ranger| < 2 are shown in Fid.J6. AtL(/Vp)2 > Jwe havel > 1 and{y < 1.
around the SMBH is shown. The color is proportional to thesitgn At u/vp, = 17 we find that « 1/J (the fit gives exponerd =
with yellow/black for maximunizero density. 1.04+ 0.01) andZy « V3 (the fit exponent i = 0.46+ 0.1) in
agreement with the above relation betwgeand{y. In general,
_ _ we havelg o 1/ufor u/vp < VJ andgg o« 1/u® for u/vp > VJ.
r <ri by computingy,, = AN;/(kNac), whereAN, is the number There is only weak variation af, with J for u/v, < V3. The
of points inside the above range (we usgd, = 0.2,1,and 6).  yajues of; and¢, have similar values for the dark and Kepler
In Fig.[d we show the dependence of radiél) and vol- maps (a part of the fact that gt= 0.2r, andr; = r, the dark
umepy, = p/r? densities on distanae For the Kepler map data, map has approximately the samsince there,(r) ~ const for
the densityp(r) has a characteristic maximumragy that is de- r <rp).
termined by the chaos border positioRx ~ 2/Wg, (this de- All these results can be summarized by the following for-
pendence, as well as the relatiog, = (37J)%/°, is numerically mula for the chaotic enhancement factor of DMP density in a
confirmed for the studied range f0< J < 1072 for the Ke- binary system:
pler map with a given fixed). The density profile(r) is not
sensitive to the value afand remains practically unchanged fofa = A VI(vp/UW*/[1 + BI(vp/U)?] , J = 5mp/M . ®)
u =17, 0.035. For the dark map a variation of the kick functiomere{g is given for DMP density at; = r, andA ~ 155, B ~
with g and angles leads to a variationwa, that leads to a slow .7, This formula describes the numerical data of Fig. 6 welt. F
growth ofp at larger. A power-law fit ofp, o 1/rf in a range (y/v,)? > J we havey < 1, but we still have an enhancement
2 <r <100 givesB ~ 2.25+ 0.003 for the Kepler map data andof{: = 0.724(u/Vvp)3/ 32 ~ 0.72A/3 > 1. For (u/vy)? < J we

B = 1.52+ 0.002 for the dark map. We attribute thefdrence _
in B values to a larger fraction of integrable islands for thekdapave the glqbal enhancemegt~ 22.(\”’/”)/ \/j > 1. The color
representation of dependenkk (3) is shown in[Big. 7.

map, as is visible in Fig.]1 for typical parameters. We nos th ; : . .
an dfective range of radial variation is bounded by the kick am- Eduation[8) can be understood on the basis of simple esti-
plitude withr < reap = 1/J, and in the range, < r < reap the mates. T_he t9t3| _captured madgap ~ Mac ';5 accumulatzed dur-
data are compatible with ~ const (dashed line in Fid.J4b). ing the difusive timety and hencéMcap ~ Vi JtaMrot/(7u%ts) ~
,ogrd.J(vp/u)3 , wherery = tg/Tp , and we omit numerical coef-

We note that the value af does not significantlyféect the %9. . ; L :
density variation wittr , as is clearly seen in Fifil 4. The spacie{ cients. This mass is concentrated inside a racis~ 1/J so

density distribution of computed from the dark mapiat 0.035 thatatr ~ 1/J the volume density igy(r = 1/J) ~ Meap/Eap ~
shown in Fig[b is also very similar to thosewat 17 (see Fig.5 £gJ*W3,(Vp/U)® ~ pgsd*/?Wg, ~ pgiJ*3, where we use a relation
bylLages & Shepelyansky 2013). This independenagarises 74 ~ w3 /J% ~ 1/J%°. (Our modeling of the injection process in
because(r) is determined by the dynamicswat> 0, which is the Kepler map with a constant injection flow in time, counted
practically insensitive to the DMP energies-al < w < 0 that as the number of map iterations, shows that the number of ab-
are captured by one kick. sorbed particles scales & ~ 74 ~ J™° at smallJ.) It is
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504 | = ¢ | L x X ] u/v, = 0.04; the density is normalized to unity( pda/r, = 1).
& 3100t
®
. ;( X I 1 We note that for galaxies the value of expongig debated
L ] ? d (see_Merritt 2013). For the adiabatic growth model, we have
P rC g 5 J 2.25 < B < 2.5, which is close to the value obtained from our
7107 5 2107 102 0 07 02 Symplectic map simulations.

. . The nontrivial properties of the distribution of the cagtr
Fig. 6. Dependence of the DMP density enhancement fattor  p\vps inq are shown in Figll8 in a stationary regime at times
pv(ri)/pga on J atu/v, = 17 (Jupiter); hergg; is the galactic DMP vol- ts/Tp ~ 4 X 108 for the Kepler map. While fou/vp ~ 17 > 1

ume density for an energy range okOw| < J andr; = 0.2rp,r,, 6r, .
(blue, black, red); points and squares show results for @pwith the we have a smooth drop of DMP densjifg) atq > 1.5rp , for

number of injected particle = 4 x 1(° and 4x 10, respectively; Y/Vp = 0.04 < 1 we have an increase pfq) by a factor 3 for
crosses show data for ma@ (1) with = 4 x 10° andJ = 5my/M. 9/fp = 2.5 compared ta/rp ~ 1. We attribute this variation to
(b) Dependence of the galactic enhancement fagfor p(r)/pg on  different capture conditions at> VJv,, where only DMPs at

u/vp atr = rp andJ = 0.005 in (2) (points) andny/M = 0.001in [3) |4y yelocities are captured by one kick, ands< Vv, where

log,y J

E:?écs)zjif)i /Tje(rf’g d')sg;sggflgbf}lu??ﬁgte'; ?C‘ing'etg’egzgis:%: gﬁ%egtderbractlcally all DMPs are captured by one kick. As a resulhef t
u/vp = 17; (d) the same ati/v, = 0.035, parameters of symbols are agependgnce aj ong, we also have various fiusive tlmescales
in (a),(b). The green curve shows theoky (3) in all panels. ty oc 1/J° that can &ect the contribution of the DMPs atftiérent
g values in the volume density distribution on
_9 : Finally, we stress the importance of the obtained result of
large enhancement factofsand {y. This result is drastically
different from the frequent claims that there is no enhance-
s _3 ment of the DMP density in the center vicinity of a binary
system compared to its galactic value because of the Lieuvil
- theorem, which implies that the density of DM in the phase
A ] - - space is conserved during the evolution (Gould & Alam_2001;
=2 -1 0 1 Lundberg & Edsjo 2004). However, this statement does nat tak
logyy u/v, into account the actual dynamics of captured DMPs. Indéed, t
Fig. 7. Logarithm of DMP density enhancement factorlpdg, from (3), galactic space de_nsi_ﬁ)g i$ obtained from_all energies Of. DMPs
shgown b)?color and log value-lgvels, as a functiomp%lf%nd\]; t(v%é in the Maxwell distribution. The analysis of symplectic DMP
points are forJ = 0.005,u/v, = 17 (SS) andi/v, = 0.035 (SMBH; dynamics shows that DMPs at large> 1 are not captured,
suchv, is about 2% of the light velocity)). while DMPs withq ~ 1 are captured, and by filision, they
penetrate up to high values ~ wg, , thus accumulating DMPs
with typical distance values~ 1/wg,. The symplectic map ap-
important to stress that,(r = 1/J) < pgg in contrast to the proach also determines afiective size of our binary system of
naive expectation that,(r = 1/J) ~ pg. Using our empirical reap ~ 1/J corresponding to an energy range~ J. If we as-
density decay, o« 1/rf with 8 ~ 2.25 for the Kepler map, we sume that the DMP density in this range is the same as its-galac
obtain o 1/J%9 | which is close to the dependenge- 1/J tic value, then we should conclude that the enhancementrfact
andZy ~ J¥2/(u/vp)? from @) atu? > J. For the dark map we should beZg ~ (reap/rp)® ~ 1/Weap® ~ 1/¥ ~ 1.5x 10° for
haveB ~ 1.5 butwg, ~ const as a result of the sharp variatiortypical valuesJ = 0.005 andg = 2.25 (we consider here the
of F(x) with x , which again giveg ~ 1/J. Itis difficult to ob- caseu/v, < VJ). This estimate gives a valug that is even
tain the exact analytical derivation of the relatipn- 1/J due higher than that given by relatiohl (3). In fact, relati@h (@kes
to contributions of dierentq values (which have flierentry) into account that only bounded valuespére captured, it also
and diferent kick shapes ifl{(1) thaffactrq and the structure of estimates the chaos region, where DMPs are accumulated dur-
chaotic component. In the regime/¢p)? < J the entire energy ing the chaotic dfusion process, populating a part of the phase
range of the scattering flow is absorbed by one kick, Bliag is  space volume frorw ~ 0 up tow ~ wen ~ 1. This gives a lower
increased by a factou(vp)?/J, leading to an increase gf by value of{q than the above simplified estimate. We also note that
the same factor, which yields o« v,,/(uVJ), in agreement with atu/v, < VJ the typical kinetic energy of an ejected DMP
@). Jv3 is significantly higher than the typical DMP enengdin the
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10! used to analyze comet dynamics, cosmic dust, and freerftpati

g | T — N constituents of the Galaxy.
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nary model we consider eight stars modeled by nidp (2) with

the values); = 25x 104, J, = 5x 104, J3 = 7.5 x 1074,

Js =103, J5=25%x1073 J5 =6.25x 104 J; =5x 1074, and

Jg = 1.25x 10~* with the same ratia;/r, as for the SS. In both

cases we injecteN; = 2.8x 10 particles considering evolution

duringts orbital periods of Jupiter (fifth star). The steady-state

density distribution is shown in Fif] 9. For the S$®r) is very

close to the case of only one Jupiter discussed above. Thil re

is natural since its mass is dominant in the SS. For the SMBH

binary model we also find a similar distribution (see Eig. #&hw

a slightly slower decay gb,(r) with r (3 = 2.06 = 0.002) due

to the contribution of more stars. We obtdir= 3000 (SS) and

Ly = 3x 10% (SMBH). These two examples show that the binary

model captures the main physic#ilexts of the DMP capture and

evolution.

8. Discussion

Our results show that DMP capture and dynamics inside two-
body and few-body systems can bfgaently described by sym-
plectic maps. The numerical simulations and analyticalyeis
show that in the center of these systems the DMP volume den-
sity can be enhanced by a factgr~ 10* compared to its galac-

tic value. The values ofy are highest for a high velocity, of

a planet or star rotating around the system center. We nate th
our approach based on a symplectic map description of the re-
stricted three-body problem is rather generic. Thus it dsm lae
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