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Dark-matter spike at the galactic center?
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The past growth of the central black hdBH) might have enhanced the density of cold dark matter halo
particles at the galactic center. We compute this effect in realistic growth models of the presedy (2
X 10°PM BH from a low-mass seed BH, with special attention to dynamical modeling in a realistic galaxy
environment with merger and orbital decay of a seed BH formed generally outside the exact center of the halo.
An intriguing “very-dense spike” of dark matter has been claimed in models of Gondolo and Silk with a
density high enough to contradict with experimental upper bounds of neutralino annihilation radiation. This
“spike” disappears completely or is greatly weakened when we include important dynamical processes ne-
glected in their idealized or restrictive picture with cold particles surrounding an at-the-center zero-seed
adiabatically growing BH. For the seed BH to spiral in and settle to the center within a Hubble time by
dynamical friction, the seed mass must be at least a significant fraction of the present BH. Any subsequent
at-the-center growth of the BH and steepening of the central Keplerian potential well can squeeze the halo
density distribution only mildly, whether the squeezing happens adiabatically or instantaneously.
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. INTRODUCTION We now know that black holes of mass of5010°M
reside in most galactic centefsee, e.g.[3]). In particular,
Weakly interacting massive particlé&/IMPs) are among  the arguments for a 22610°M, black hole at the center of
the leading candidates for the dark matter in galactic haloghe Milky Way are at this point almost incontrovertitisee,
Such particles arise in extensions to the standard model &9, Ref[4]) given the rise of the velocityradial and proper
particle physics. The most widely studied example is themotion) dispersion within 1 pc of the galactic center. It has
neutralino, plausibly the lightest superpartner in supersymlong been argued that if a black hole grows inside a given
metric versions of the standard model. The cosmologicaPOpPulation of stars, the density of stars should be enhanced
abundance of WIMPs is naturally of the order of the criticalin the vicinity of the black hole after its appeararie-8]. If
density of the Universe, and so WIMPs make natural darkthe WIMP density is likewise enhanced at the galactic center,
matter candidates. then the source of exotic cosmic rays from WIMP annihila-
The search for WIMPs in the Milky Way halo has been ation therein should be increased. Several authors investigated
major endeavor both theoretically and experimentally in théhe enhancement in the gamma-ray flux for the dark-matter-
last two decadegfor comprehensive reviews see Rdfs2)).  density spikep(r)er~**as the radius —0, that would be
The main efforts so far have been to detect WIMPs directlyinduced by the adiabatic growth of a black hole in an initially
in low-background laboratory experiments and indirectly viaisothermal dark-matter profilgr].
observation of the energetic neutrinos produced by annihila- More recently, Gondolo and Sill] (GS) investigated the
tion of WIMPs that have accreted in the Sun and/or Earthdark-matter spikethat arises if a black hole grows adiabati-
Another possibility is to search for exotic cosmic rays, suchcally at the center of a dark-matter halo that initially has a
as high-energy gamma rays, positrons, antiprotons, or neutrfingular power-law cusmp(r)ecr =7 with 0<y<2, as sug-
nos produced by WIMP pair annihilations in the galacticgested by numerical simulation$0,11). They found that the
halo. In particular, the flux of gamma rays in a given direc-black-hole growth gives rise to a dark-matter spiké)
tion is proportional to the line-of-sight integral of the square>r* with 2.25<A=<2.5, in agreement with earlier scaling
of the WIMP density. Since the dark-matter density is ex-results found in Ref8]. In this case, the cosmic-ray source
pected to be largest towards the galactic center, the flux of
such exotic gamma rays should be highest in that direction.
We follow the nomenclature introduced in R¢€] and define
“spike” to be the steep density enhancementr ~* with A>2 in

*Email address: ullio@he.sissa.it the innermost- pc due to adiabatic black-hole growth. This should
"Email address: hsz@ast.cam.ac.uk be distinguished from the “cusp,” the~r ~? halo profile found in
*Email address: kamion@tapir.caltech.edu numerical simulations on scaleskpc.
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from WIMP pair annihilation, proportional tdgd3r p?(r), GS spike. In this model, we assume an initial self-gravitating
becomes huge due to the diverging contribution from smaltark-matter distributiorp;(r) made of particles that are all
radii. (The divergence is cutoff by the black-hole horizon oron circular orbits, at the center of which a black hole grows
by a maximum density set by WIMP pair annihilatipithe  adiabatically. The angular momentum of each particle re-
flux of neutrinos from neutralino annihilation in this spike mains invariant since the central black hole exerts no torque
exceeds current experimental upper bounds in some regiom® any dark-matter particle. This tells us thgM;(r;)

of neutralino parameter space. Subsequent work showsr:M(r;), whereM(r) is the total(i.e., dark-matter plus
[12,13 that synchrotron emission from the motion of elec- black-hole mass enclosed within the radius Moreover,
trons and positrons produced by neutralino annihilation inconservation of the dark-matter mass tells us Wri)

this spike would also be Significant and may exceed current M?(rf)' where the superscriﬂ][denotes the halo contribu-
upper bounds. The conclusion of REE2] is that either neu-  tjon to the mass.

tralino dark matter or a cuspy halo must be ruled out. Ber-  Now suppose the initial dark-matter density profile is
tone, Sigl and Sil13], introducing a different estimate of pi(r))r; 7 and let the final density bey(r)ecr; *. Conser-
sy_nchrotrgn_self-absorptlon, fl_nd much weaker, but still Sig~yation of mass implies tha‘f*yocr?fA. In the final state, the
nificant, limits on the neutralino parameters space. GiVenasq enciosed within a radiuswill be dominated by the
these very important implications for dark-matter searchesmack hole,M(r{)=Mgy, ast— 0. Conservation of angular

th? claim of the pQSS|bIe presence of a st_eep dark'm"’.‘tt%omentum thus givesf“yocrf. Putting these two condi-
spike at the galactic center and the underlying assumptlori

. . ons together, we find a final profile;f(rf)ocrf‘A, where
should be investigated more carefully. Here we argue thaf
although a possibility, the enhancement found by GS re: =(9—2y)/(4=y) [8,9]. Note that for G<y<2, we get

quires somewhat unusual initial conditions for the galactic_2'25<A<_2'5' :—|encc; thg WIMP paur ann'h"%t'on ra}g,r\:vhlch
halo and for the black hole. In particular, we emphasize hov%s. propzrnona t? t ?] ensny)f_(rf) sq#arﬁ , wou ¢ have
crucial it is that the black hole grew adiabatically from a tiny d1Verged except for the truncation at the horizon of the BH.

initial mass to its present-day mass, and that this happenec} This der.ivation. illustrates several important pointg, some

precisely at the center of the dark-matter distribution. 0 Wh'.Ch will be dlscusse_d further for more general distribu-
To do so, we consider a few alternatives for the black-ilONS in subsequent sections.

hole-formation scenario that we can treat with semi-analytic

methods and jet captures the main dynamical processes in  A. Where does the mass in the spike come from?

(hierarachicgl galaxy formation. We show that for the GS  The dark-matter particles that make up the spike come
spike to arise, the majority of the black-hole growth had t0fom the inner part of the dark-matter halo, the part that
occur within the inner 50 pc of the dark-matter cusp and orspcloses a mass roughly equalNts=2.6X 10°M,. The

a time scale long compared with 19r. We also show that  aqdition of a black hole will have negligible effect on circu-
the growth of the spike relies on the existence of a very highar orbits that enclose larger masses. That the spike comes
density of cold orbits within the inner 50 pc. If the black hole f,om this inner part agrees with intuitions, and is suggested
is formed away from the center and then spirals in, it shoulcby numerical simulation of Ref(8] (see their Fig. b for

generically lead to the weaker dark-matter spiker % models with isotropic velocity distributions.
with possibly even a depletion, rather than an enhancement, For the power-law density profile that GS consideaad
in the central dark-matter density. for the Navarro-Frenk-White profile we consider bejothe

The outline of the paper is as follows. In Sec. Il, We radjys that encloses 26L0°M, of halo mass is only about
consider a simple toy model to illustrate the origin of thegg_gg pc. Thus, for the spike in the GS picture to form, the
spike found by GS in case the black hole grows adiabaticallyyjack hole must have originated within the inner 50—60 pc of
at the exact center of the dark-matter system. In Sec. lll Wene galactic center. This is in some sense surprising because
perform the computation of the adiabatic growth for a classnis |ength scale is microscopic compared with characteristic
of more realistic dark-matter-halo profiles, stressing a feWgaIactic distance scales:3 kpc for the bulge ane- 10 kpc
more subtle points. In Sec. IV we treat instead the opposit¢y, the disk. Put another way, the inner 50 pc encloses only
case of fast growth for the black hole. Section V deals withypqt (1.5-2)x 10°M, of stellar material, about 103
the more complex scenarios of off-centered formation for thgyt ihe total stellar masfprobably about (5 8)x 10°M ]
black hole. While in all cases above we include just darksf the galaxy. Although the alignment between the black hole
matter and the black hole, in Sec. VI we consider the morgynq the stellar distribution is quite good in our own Galaxy
realistic scenario in which other baryonic componeiis,  (even that is a mystery—the situation is quite different, e.g.,
stars in the stellar nucleus, bglge, and dliake included as M31), the required alignment is between the black hole
well. In Sec. VIl we summarize and comment on currentyng the center of thdark-mattersystem. Although baryons
theoretical ideas about the origin of the black hole. and dark matter are mixed homogeneously in the early uni-
verse, there are numerous processes involved in galaxy for-
mation that should segregate the baryons from the dark mat-
ter. For example, baryons will experience radiation drag
from the cosmic microwave background when they first start

Before proceeding with our numerical calculations, let usto cool; UV radiation from the first generation of stars could
consider a simple toy model that illustrates the origin of theexert a wind on the baryons; in galaxy mergers, baryons

IIl. WARMUP: HALO DISTRIBUTIONS WITH ONLY
CIRCULAR ORBITS
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shock while dark-matter halos pass through each other; bargtart with a black hole of significant mass and a dark-matter
ons today appear in disks, bulges, and bars, unlike dark matusp, then the angular momentum of the inner orbits is domi-
ter; they are clumped into globular clusters, open clusterspated by the initial black-hole mass. Slowly doubling the
and molecular clouds. Thus, there are many good reasons bdack-hole mass reduces the radius of each of these inner
believe that the precise center of the baryon distributiororbits by a factor of 2 and thus leads to a factor-of-4 density
should be displaced relative to that of the dark matter, at leagnhancement. In other words, the huge densities of the inner-
at some intermediate stages in the formation of our Galaxymost orbits that give rise to a huge annihilation signal come
Thus, even if the black hole formed at the center of a stellafrom the fact that initiallyM;(r)—0 asr—0 and the radius
distribution, it would still be somewhat surprising if, at all r; of each inner orbit is reduced by a facteM gy /M;(r;).
times during its formation, that coincided to 50 pc with the If a black hole exists at the galactic center from the start with

center of the dark-matter distribution. a massMp,, and then grows to a final massh,,, the initial
dark-matter density profilg;(r;)«r;? becomes a density
B. Cold particles profile with the same exponent and normalization enhanced

. . . (M i \3-

The circular-orbit toy model shows us that the particlesdY @ factor~(Mg/Mp)*" 7.
that give rise to the spike are initially very cold; i.e., the _ o
circular speeds in the initial distribution approach zera as D. Time scale for adiabatic growth
—0. (Below, we WI!| show 'that _the. same is true fo.r MOre | the initial halo profile isp(r)~r 2, then the enclosed
general and realistic velocity distributionsAgain, this is 355 will beM(r)«=r2, the circular velocity will bev(r)
somewhat surprising, as cold particles are easily subject tQ 12 54 the period of a circular orbit will b&xrY2 The
heating by a variety of phenomena, especially in the enviroNseriod of an orbit at 50 pc will therefore be10” yr. Thus,

ment at the galactic center. For example, the passing of Mgne plack hole can grow relatively quickly compared with a
lecular clouds, open, or globular clusters would tend to disgasmological timescale and still be considered adiabatically.
rupt these cold orbits, as would the existence of a barryig provides an argument fiavor of the GS spike. On the
Likewise, the mergers and_ sub-halo a_ccretion that certainlyiner hand, the present-day growth rate of the black hole due
played a role in the formation of the Milky Way would tend 14 consumption of stars coming inside its loss cone is at most

to disrupt these cold orbits. We cannot be more quantitativey 10°M, /Gyr [14], one order of magnitude smaller than
without a more precise model for galaxy formation. How- \yhat is needed to form the current black hole in a Hubble

ever, these disruptive processes must have occurred at soge o (mean growth rate of 2 16°M, /Gyr). This informa-
level, and they would tend to hinder the growth of the dark-on compined with the evidence that peak active galactic

matter spike. . S . nuclei (AGN) activity occurred near redshit~2 suggests
Note that a dark-matter spike that will give rise t0 & di- 5 the majority of the black-hole mass was in place at these

verge_nt W!MP ann|h|_lat|o_n rate can arise gvenypf=0. As early epochs. Although this leaves plenty of tiiew Gyr)

explained in Ref[8], implied above, and discussed further ¢, the hiack hole to grow adiabatically, the violent processes

below, the existence of a spike is more generally due 0 thg ot are Jikely required to form the black holes that power
existence of a singularity in the density of cold orbits at thea g may well operate on a much more rapid time scale.
galactic center. Such singularities can arise even if the den-

sity profile is non-singular. If the density at the origin is
finite and can be written as an analytic function of the Car-
tesian coordinates, y, andz, then there will be no singular- All of the discussion above should make it clear that if the
ity in the phase-space distribution that gives rise to a spikehlack hole grows adiabatically away from the galactic center,
but otherwise there will be a phase-space singularity and ar in a galactic center with a nonsingular phase-space distri-
spike after adiabatic growth of a black hd®]. Thus, con- bution, then the spike should be the weakerr ~* spike
sider for example, the profilegp(r)<(a+r)~2 and p(r)  found in Refs[5-8]. Although this will produce an enhance-
oc(az—}— rz)_l’ both of which approach a constant at the ori-ment in the flux of annihilation radiation, it will not produce
gin, and suppose that both have isotropic velocity distributhe huge enhancement that arises in a spig cr ~* with
tions. As argued in Ref 8] and described below, adiabatic A>2.

black-hole growth in the former gives rise to a spike

«r " with A=2, while the latter gives rise to a spike with Ill. ADIABATIC GROWTH OF THE BLACK HOLE

A=1.5.

E. Weaker spikes at smooth densities

We now consider adiabatic growth of a black hole at the
center of a spherically symmetric self-gravitating dark-matter
system with a more generénd realisti¢ phase-space dis-

The circular-orbit model also indicates that the spike willtribution. Because of the two key ingredients here—
grow only if the black hole grows almost entirefgiot just  adiabaticity and spherical symmetry—this problem can be
partially) at the black-hole center. Put another way, the spikereated semi-analytically. The slow changes in the potential
that grows from an initial state with a 48, black hole and  allow us to relate in a simple way the dark-matter distribu-
a por ! dark-matter halo to a final state with ax20°M tion functions before and after the appearance of the black
black hole is not nearly as dramatic as that which arise$iole. The symmetry, both in the initial and final states, im-
when a black hole is grown from nothing to®M, . If we  plies simple forms for the adiabatic invariants.

C. Initial black-hole mass
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The calculation has been discussed in several papers in — 10" crrmrrmmE—rrm—r e
the past, in the context of growth of a black hole in a general
stellar systenj5—8], or in the context of growth of the cen-
tral black hole at the Milky Way centdi9] (see also Ref.
[7]). Below we briefly review the calculation, both to repro-
duce the result in GS and to provide some additional insight 10"
on the origin of the spike.

------- initial profile

adiabatic growth
------ approx. adiabatic growth
i e i instantaneous growth

p[M(,)pc'3

v

...............

T

A. Semi-analytic treatment 10

In a spherically symmetric problem, the adiabatic invari- 10
ants are the angular momentum and the radial action; i.e.,

2 [
Li=L;=L andJ, ((E;,L)=J, (E;,L), where[15] T E
1 =
1 ("max 1 (rmax L2 2 F NFW profile
J,(E,L)=— drv,=— dr\/2(E—P(r))— —, 10 -
m ' min m ' min r2 £ —
(1) 10 4 ||||||||| ||||||||| ||||||||| ||||||||| ||||||||| ||||||||| ||||||||| ||||||||| IR
0% 107 10° 10° 10* 10 w2 W' 1
r[kpel]

and the subscriptsandf refer to the value of the quantity in
the initial and final state. If the growth of the black hole is  FiG. 1. Enhancement of an NFW dark-matter-density profile
adiabatic, the distribution functiorf(E,L) remains un-  due to the growth of the galactic black hole at the center of the
changed, sd{(E;,L)=f;(E;,L). dark-matter system. The initial profil@otted curve is modified

We specify the initial state by its densipy(r) as a func- into the solid curve if the growth of the black hole is adiabatic, or
tion of radiusr. We also postulate that it has an isotropic into the dash-dot curve for a sudden growth. Also shown is the case
velocity-dispersion tensor. If so, then there is a one-to-onef adiabatic growth for an initial profile with all particles on circular
correspondence betweer(r) andf;(E;), given by Edding-  orbits (dashed curve peq is the maximum WIMP density above

ton’s formula(see, e.g.[15]), which WIMPs are depleted by pair annihilations.
1 [ od%p dd  (dpldd)e_q Ro| [ 1+ (Ry/a)|#7'®
(B)=—| [ o - @ pi(1)=po| —| | = @
V87?| Jed®? Jo-E J-E r)| 1+(rra)®
and the initial state is fully defined. we focus on the functional form suggested by tidody

By inverting the expression for the radial action in the simulation of Navarro, Frenk, and WhitBIFW) [10], a den-
initial state, we can writée; as a function ofg; andL and  sity profile with («,,y)=(1,3,1). We fix the values of the
hence findf;(E;,L) from f,(E;,L). To compute the radial Sun’s galactocentric distance, the local halo density and the
action in the final state, we actually need first a guess for théength scale in the profile, respectively, Rg=8 kpc, pg
final potential. We assume that the potential is dominated by=0.3 GeVcm® anda=20 kpc (values compatible with
the black hole in its vicinity, while it is roughly unchanged at available dynamical constraintghis profile is plotted as a
large galactocentric distances, fixingd:(r)=®;(r) dotted line in Fig. 1.

—GMpgy/r. Oncef:(E¢,L;) is obtained, the density profile We first compute numerically the corresponding distribu-
of the system in the final state is recovered by integrating tion function and then we follow the same steps applied in
over the velocity space, or, with a change of variables, oveRef. [6] for the isothermal sphere. We perform numerically
Ef andL: the inversion betweef; and E;, computing the radial ac-
tion for the initial and the final state on grids, respectively, in
A7 (0 Lmac L, f[he E;,L) and.(Ef ,L) plane(we implemgnt adaptivg grids
pi(r)= —ZJ .d EfJ T dLi—fi(Ef,Ly). (3)  inorder to achieve everywhere the required numerical accu-
r=JEg f Ur racy for the inversion Then we compute;(r) performing
the double integral in E(.3). The result is shown as a solid
Because of the form we choose & (r), we expecips(r) line in Fig. 1. As can be seen, the adiabatic growth of the
to be fairly accurate in the central region and far from theblack hole at the center of the dark-matter system induces a
black hole. A more accurate result could be obtained in thesharp increase in the dark-matter density close to the black
transition region by iterating. However, we will mainly be hole (compare the solid line with the dotted line which gives
interested in the region near the black hole where the apthe initial profile. At a galactocentric distance of about 20
proximation®;(r)=—GMgy/r is fairly accurate. It is also pc, there is the transition from therltusp in the NFW
the form adopted by GS. profile to a much steeper spilggr)ocr ~* with A=7/3. This

We apply this procedure numerically in one case. Amongs in agreement with the corresponding regplofile scaling
the general family of spherical double-power-law dark-as 1f” with y=1) in GS. In Fig. 1 we also plot, as a dashed
matter profilesthe Zhao model§16]), line, the result for the adiabatic contraction if all particles are
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on circular orbits(the toy model we introduced in the previ- recovering the result of Ref8] and GS. In the limity—0

ous sectiop As can be seen, this simplified treatment repro-and for 1< a<2, the first term in the expansion vanishes,
duces quite closely the result we obtained in case of an isa,=0, and hence the second becomes the leading term. In
tropic distribution(within a factor of 2, which is less than the this case one finds milder singularities,

uncertainty in the overall normalization of the dark-matter

profile). 3 g 9-

The density in the spike exceeds®M), pc 3, which is n=——, A=——. 9)
roughly the maximum density if the dark matter is made of
WIMPs, which we indicate agq.in this and in the follow-
ing figures. The limit comes from the value of the pair- Finally, in the limit y—0 anda— 2, bothc, andc; go to
annihilation cross section for WIMPs, which is fixed, to zero, the distribution function is non-singular=0, and the
some extent, by their relic abundansee GS for detailsin  density profile after the adiabatic growth of the black hole
fact, the cross section for WIMP-WIMP elastic scatteringhas ay=3/2 singularity, which is the result obtained in Ref.
should generally be larger than the annihilation cross sectiong] using an isothermanon-singular distribution function.
so the maximum central density derived by GS should actu- A few comments on the results above. The derivation of
ally be a bit lower. the scaling in Eq(5) verifies that the dark-matter spike is

mainly formed by particles which, before the black-hole
B. Scaling properties growth, were very cold and close to the galactic center; i.e.,
particles withgE;— @;(0). If the distribution function is sin-

The result for the spike slope we have just derived nu lar in that limit i h h icles in th
merically could have been anticipated using scaling properdular in that limit(i.e., there are many such particles in the

ties, as suggested in R¢8]. This argument can be summa- in[tia_l state,_the spike is hugely enhanced. A.S we have seen,
rized as follows. Let the potential of the initial system this is possible even for a dark-matter-density profile that is
increase with radius, for small radii, ds(r)~r2~7; this is non-singular towards the galactic cenfbut in this case the

the leading term in systems such as, e.g., those described Bgike Is alway_s milder_than foy#0). Note a_lso. that thg .
Eq. (4) with y=0. Then the conservation of the radial action ehhancement in the spike due to the singularity in the distri-

- e o (2-)i(4-7) bution function is possible just if the black hole grows ex-
|mpI|§s t_he s_,callngE, . Ef. - [8]. Suppose then that actly at the center of the initial dark-matter system. If the
the distribution function in the initial state diverges néar black hole is formed awav from the qalactic center. the in-
=®,;(0) as fi(E;))~[E;—®;(0)] ". Combining this with y g ’

. . . : . duced dark-matter spike will be mild. For a system with an
the expression for the final density profile, &8), it follows isotropic velocity-dispersion tensor, it will be of the same

that form we obtained above for a non-singular distribution func-
3 2—vy tion.
pi(r)~r=A A= §+n r) (5) In the previous paragraph, we found for the NFW profile
Y a spike withA=7/3. For this result to hold, it is crucial to

It is interesting to derive the exponemsand n for the postulatethat the initial density profile has arlsingularity
family of profiles introduced above in E¢4). We deriven all the way down to the galactic center. This behavior is just
for 1<a<2; results for other ranges can be obtained analo@n extrapolation from ail-body simulation with resolution
gously. In Eddington’s formula, Eq2), the second term is N0t better than a kpc. As the simulations show that larger
zero, while the main contribution to the first comes from theStructures form from the merging of smaller substructures,
singularity in the lower extreme of integration. After some SUch an extrapolation to scales smaller than 10 pc or so may

algebra, one finds that the leading terms are given by not be trivial. More importantly, even if the rl/scalir!g is
indeed preserved down to the inner few pd\body simu-
[CotcCy(r/a)®+cy(r/a)?®+- - -] lations, it is unlikely to survive the addition of baryons. If the
f(E)~ fr*dr T 7 [E-D(0)] ) density profile is assumed to be truncated in the innermost

region, we expect a shallower spike and a model-dependent

wherer* =[E—®(0)]¥2 7, and the first two coefficients §uppression. For e.xample,. if the truncatior) of a singular pro-

in the expansion aréup to a constant file is performed introducing a core radius, by replacing
pi(r)oc/r” with pi(r)ecdf1+(r/a)*]”*, the spike expo-

Co=—2y(3—7) nentA will depend just on (its expression can be recovered
from the analysis above substituting=0 and 8= y; note,

2a=y)(3—y)+tala—1y) however, that the normalization of the spike is set by the

a(3+a—17y) . other parameters as well

7 Finally, the results in this section show that the spike ob-

tained by assuming a single-power-law density profile
To illustrate, consider three cases. hor0 and independent (~1/r” for any r) with y—0 will probably not provide a

¢1=(a=2)(3=7)(B~7v)

of @, cy#0 and good approximation to the true spike. Most likely, the results
in Ref.[12], where values ofy as low as 10° are consid-
n:ﬂ :w ®) ered, will be modified assuming the more general double-
2(2—vy)’ 4—vy power-law density profile of the form in E¢4).
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initial orbit whereT is half of the period of the particle, ang is the
radial component of its velocity.

If all particles are on circular orbits, then the calculation is
simplified, as the initial radial velocities are all zero. We thus
need to integrate the probability that a particle that is ob-
o served at radius in the final configuration came from an
adiabatic final orbit at radiusrg in the initial configuration. Doing so, we
find that the final radial profile is given by

<}

sudden final 1 (r

rN=— drordpi(rg)=— ————, 11
pf( ) |’2 i 0 Opl( O)T(ro) Ur(l’,l‘o) ( )

where

vr=V2[D(rg) — De(r)]+v2(ro)(1—r3/r?), (12

FIG. 2. Initial and final orbits for sudden and adiabatic black- with v the circular velocity in the initial state. The extremes
hole growth. If the black-hole grows adiabatically, the initial large of integrationr ., andr 5 are the minimum and maximum
circular orbit becomes a final circular orbit of much smaller radius.jnitial radii for particles contributing to the final profile at the
If the black hole appears suddenly, the initial circular orbit becomesadiusr. For such radiip (1, min) =0, (r,F may) = 0. From the
an elliptical orbit shown(assuming that the final potential at these expression fov, , it follows thatr ,,=r; i.e., a particle on a

radii is dominated by the black hole circular orbit shrinks in general to a rosette orbit with apo-
center equal to the radius of the initial orbit.
IV. INSTANTANEOUS GROWTH OF THE BLACK HOLE We computep; for the initial NFW profile introduced in

We now consider what happens when the black hole iSec. Il A. Again, we assum(r)=;(r) ~GMgy/r; the

inserted instantaneously to the center of the dark-matter di%?;;tt rl1$olse hg;gz aesns t%zsh;gglt;%veeslpe eFI%.niln. Ailghﬁggzégﬁ
tribution. This will provide some indication of what happens as dramatic as ﬁ‘ the bIacFI)< holé is introdlfced gdiabaticall g
to the dark-matter distribution if the black-hole growth is too The final profile has a-*3 sinqularity. a result that cany-
rapid to be approximated as adiabatic. We do this calculatio:tw) derst pd wticallv. In th 9 IIY’ it th tential
under the assumption that all particles are on circular orbits>® Unaerstood ana ytically. In the smallimi '3,2e potentia

We first provide a qualitative argument to show that the!S dominated by the black hole, ami{ro)=ro~, while v,
sudden black-hole growth leads to a central dark-matterP€COMes
density enhancement that is not as dramatic as that for adia-
batic growth. If the black hole grows adiabatically, the initial 2GMgy o
large circular orbit becomes a final circular orbit of much  Ur= o (ro—n{1- 1+ T :

smaller radius. Thus, the dark matter that was initially at a 13)
large radius spends all of its time at a much smaller radius.

Now suppose the black hole appears suddenly and dominateg), the NFW profile, the halo masMih(ro) enclosed within

the pote_ntial_at these radii. Aga\_in, the angular momentum Ofhe radiusr, is proportional tor%, F e CaN be computed
the particle is conserved, but its energy changes in such &(actly and the final profile is

way that it follows an elliptical Keplerian orbit, as shown in
Fig. 2, in which its largest radius is the initial radius. Al- 1 fr
though the orbit reaches to smaller radii than the circular pf(r).v_f "dr,
orbit that arises from adiabatic growth, the velocity of the r

particle at these small radii is large. As a result, the particle

MP(ro)
2Mgy

\/(rO_r)(rmax_rO)

on this orbit spends most of its time at radii larger than the 5 1
radius of the final orbit from adiabatic growth. 2= (rr o)l (kr2 ) — /(K na)
We now quantify these arguments. When the black hole is
added, the velocity of each particle remains unchanged, but 1
the gravitational potential is changed suddenly. The final pro- ~ s (14)

file is obtained by following each particle along its subse- r

quent orbit. The probability for a particle that at the appear-

o . as found numerically and shown in Fig. 1.
ance of the black hole was at galactocentric distarosith Heuristically, our circular-orbit model should generalize

a velocityv, to be between radii andr +dr is to any orbit with a finite peri-to-apocenter ratio. The apo-
center distribution is unchanged after the implanting of the
dt 1 d black hole, and the pericenter is determined by the angular-

P(r)dr= —= = —, (10 momentum distribution, which is a power law differing from
T(ro,vo) T(ro,vo) ve(r.,ro,vo) that of the circular orbits by a scaling. So we expect the
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scale is reduced by a factor of{ 7] (with the extra factor-
of-3 reduction still not understogdFor a black-hole seed of
mass 16M ., the time scale to spiral in the potential well of
the NFW profile we considered is roughly comparable to the
Hubble time if its initial location is 200 pc away from the
center of the dark-matter system. Also shown is the case of a
black-hole seed of mass @, , for which the timescale is

of the order of 10 Gyr if it spirals in from 1 kpc. The con-
clusion is that if, as plausible, the black-hole seed is gener-
ated through some violent process off-center, it will not get
to the center until almost fully formed.

1010

109

Time to recenter (year)

B. Merger and growth at the center

What happens when the seed BH arrives at the center?

There are two competing effects with the dark-matter distri-
‘ bution near the galactic centéa) it may be smoothed out by
L VY S YIY R the time-dependent perturbation induced by the incoming
1 D;l?once to off‘_‘iﬂnte,ed BH”()SS) 10000 black-hole;(b) it may be squeezed in by subsequent at-the-
center growth of the black hole.

FIG. 3. Predicted time for a seed black hole of masg,, Effect (a) has been investigated witikkbody simulations
=10'M¢ and 16M, to spiral into the galactic center from a radius in Ref.[18]. It was shown there that the back reaction to the
rin an initially pure NFW or pure Moore halo profileo baryons  spiral-in of the black hole leads to the formation of a weak
The shaded regions show the range estimated with Chandrasekhad@nsity cusp, with an 95 singularity, regardless of the ini-
formula for dynam|Ca| friCtiOn, which is slow for a naked BH and tlal dens“y proflle More preC|Se|y, the same features are
can be speeded up by a factor of as much as 6 if the BH comes witgptained in simulations with the King modéhhich has a
its own mini-halo(Milosavljevic and Merritt 2001 Note it takes core radiusand with the Hernquist profilevhich is singular
longer than a Hubble time for a 40, black .hole to spiral from at the galactic center and given by Ed) with (a,8,7)
r>100 pc, and f‘.)r a I black hole to spiral front>1 kpc. =(1,41)]. Furthermore, the size of the weak-cusp region is
At very small radius when the enclosed halo mass becomes Con?bund to be correlated to the black-hole mass, with roughly
parable to the mass of the infalling hole, the hole would fall in the total mass of the region affected by the bI&;Ck hole equal
quickly on a dynamical time scale, which is independentg, . to the black-hole mass. The propose)(; explanation for this
tesult is as follows: The sinking of the black hole induces a

pericenter to move in according to the same power law as fo . Ce |
heating process that leaves no particle in the system with

circular orbits and thus produce a density power law as be- o .
fore except for normalization. energy below some minimum ener@y. We saw above in
the case of adiabatic growth at the center of the halo that the
spike in the final density profile was due to initially cold
particles. If such particles are removed from the system, ne-
The black hole, or at least its seed, might not form exactlyglecting the dependence on angular momentum in the distri-
at the center of the dark-matter halo due to deviations fronpution function, one finds that the final density profile goes at
spherical symmetry in various galaxy formation processes. Ismall radii like[18]
the black hole forms off-center, then it will slowly sink via 0
dynamical friction to the center of the galactic potential well. pf(r)=477f
We sketch in this section the number of competing effects
entering this problem.

V. MODELS WITH OFF-CENTERED BLACK HOLE

)ff(Ef)\/z[Ef_q)f(r)]

£(r

0
:47TJE t(EQ2IE—Br(N)]

A. Enough time to spiral in?

The process of dynamical friction is not efficient enough 1
to center the black hole regardless of its initial mass and of ~N=Dg(r)~ \[F (15
its initial distance from the center of mass. The spiral-in time
scale for a very small black hole or for a black hole born
very far from the center of the Galaxy, may be longer than We implement this result in our picture, with a simple
the age of the Galaxy itself. This is illustrated in Fig. 3 wherescheme. We suppose we have an initial dark-halo profile of
we show the spiral-in time scale for black holes that arethe form in Eq.(4). Then we postulate the off-center forma-
initially isolated and initially surrounded by stellar cusps. tion of a black-hole seed of ma#sg,,, which we keep as a
Naively, if the black hole is initially surrounded by a stellar free parameter. Since we are supposing that the black-hole
cusp, then the spiral-in time scale should be about one half cfeed appears off-center, regardless of whether it forms
the time scale in case of an isolated black hole; more prequickly or slowly, it induces a very mild dark-matter spike
cisely, according to recent numerical simulations, the timearound it; we neglect this effect. We model then the modifi-
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FIG. 4. Modification of an NFW dark-matter-density profile due  FIG. 5. The same as in Fig. 4, but for a Mooceeal. dark-
to the off-center formation of a black-hole seed of mb&s,, its matter-density profile. Also shown is the modification of the profile
spiral in the center of the dark-matter system and its adiabatiéor sudden growth of the black hole at the center of the dark-matter
growth to the present-day mass of the black hole at the galactisystem(dashed curve
center. The cases for a few different values for the black-hole-seed

\r/nv?'\s;lspare plcétte?’mfgizthe F“aX‘”?ﬁ_T WIMP density above which ,qcequre differs from what we found in case of adiabatic
s are depleted by pair annihilations. growth of the black hole at the center of the dark-matter

cation to the dark-halo profile due to the sinking of the bIack—SyStem’ the difference occurs only at densities higher than

. ; ... the maximum WIMP densityp..e. Thus, if a black-hole
hole §eed n the_center of thg Gglaxy by replacing the Ir"t'ageed with less than 1/200th the mass of the final black hole is
density profile with the following:

let to grow adiabatically at the center, then a spike that is

0. y-0. 1B essentially indistinguishable accordance with the GS result

&) TlHRO/rS)} 1+(Ro/a) could be formed. The trouble is that such small seed cannot
r 1+(r/ry) 1+ (r/a)® spiral in the center quickly enough, as shown by Fig. 3. So
(16)  the conclusion is that if the GS spike is to grow, the black

o ) . _ hole must form within the inner 50 pc of the dark-matter
which is essentially a modified Zhao model with a break atyistribution: If it forms outside this radius with a large mass,
bothrs anda. The new length scales we introduce is de- i wil| destroy the cusp as it spirals in, and if it forms well
termined by requiring that the mass of the dark halo within - oytsjde this radius with a small mass, it will not have enough
to be equal tdVg,. time to spiral in.

Moving onto effect(b), we model the accretion of matter  Although we have considered so far just the NFW profile,
onto the black hole so thafl 5, grows to the mass we now the procedures we outlined can be applied to any density
observeMg,, as a slow adiabatic process, and compute therofile. As another example, we consider the dark-matter-
final dark-matter density, treating the adiabatic contraction irdensity profile obtained in the high-resolutidlbody simu-
the circular-orbit approximation described above. lation of Moore et al. [11]. In this case, the initial dark-

In Fig. 4 we plotp; for the initial NFW profile introduced matter profile is more cuspy towards the galactic center and
in Sec. Il A and for a few choices for the mass of the black-is given by Eq.(4) with («,8,y)=(1.5,3,1.5)(hereafter the
hole seed. As can be seen, if the black hole that spirals in hadoore et al. profile). Again we make a choice for the values
a mass comparable tonore than a tenth dfthe mass we of our galactocentric distance, the local halo density, and the
observe now at the center of the Galaxy, the dark-mattelength scale in agreement with available dynamical con-
density close to the black hole is, in this picture, lower thanstraints:R,=8 kpc, po=0.3 GeV cm 3, anda=28 kpc.
the density in the initial profile. This indicates that the num-  Results in this case are shown in Fig. 5. The initial profile
ber of dark-matter particles expelled from the inner Galaxyis shown as a dotted curve; the dashed curve shows the slight
by the black-hole seed is larger than the number of thosgcrease in density in case of instantaneous growth of the
attracted later on by the adiabatic deepening of the potentiallack hole according to the treatment in Sec. IV. The solid
well due to the increase in mass of the black hole. curves give the final profile in the case described above in

The adiabatic contraction process dominates M)SH this section. We see again that for large values of the mass of
=<Mpg/10. ForM3,,<Mpg./200, the end result is a dramatic the black-hole seed, the net effect is a decrease in the dark-
enhancement in the dark-matter density around the blackatter density. For values EHSMBH/SO, the enhancement
hole. Although the final density profile obtained with this in the final density reproduces, fpr<pqe, the result one

pint(r) = PO(
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gets ]ust assumlng the adlabatlc growth at the Center Of the ~ 1016 L3 |I|||||| T IIlIIII| T I|||I||| T IIIIIIII T T T TTI T TTm TTTTmm T 1T
dark matter system. The time scales to re-center black hole g . 107 My, /107 My E
10 =

seeds of 1fM and 16M, are again shown in Fig. 3, and EO ___________ iriial peaiile ]
the same discussion we outlined for the NFW case applies Z 012 M. spiral-i .l
o pu spiral-in + b

here. " BH adiabatic growth +
10 baryon infall B

VI. TAKING STARS INTO ACCOUNT 08 e e N B

So far we have used a schematic picture of the Galaxy 0f = B
which included just dark matter and the black hole, neglect- 10° -
ing other baryonic components. More realistically, the stellar - =
components may outweigh the dark matter in the inner part 107 = M =M, E
of the Galaxy in the initial configuration before the black . L B
hole grows. We treat this problem here. , = NFW profile -
In the standard sequence of galaxy formation, a roughly 107 - \
Spherlcal OverdenSIty’ In WhICh the baryons and dark matter 10 5 __I IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIF
are distributed homogeneously, undergoes gravitational col- 0f 107 10° 10° 107 107 02 00 1 10
lapse. The collisionless matter then relaxes to an NFW or r[kpe]

Moore profile, as indicated by-body simulations, while the
baryonic matter shocks, heats, and then cools to a disk and/or FIG. 6. The same as in Fig. 4, but taking into account the adia-
bulge in the gravitational potential well generated by bothbatic contraction of baryons that form the bulge and the disk.
the dark and the baryonic matter. The radiative cooling and
collapse of baryons is likely to be a slow process and hencg very cold orbits near the galactic center. A spike essen-
it should be a good approximation to treat it as an adiabatigially equivalent to the GS spike could in principle arise if a
contraction of the baryons. low-mass black hole spiraled in to the galactic center and
We sketch this process in one example. We reconsideten grew in mass, but the spiral-in time scale for such low-
again the case of off-center formation discussed in the premass black holes is larger than the Hubble time.
vious section, refining the definition of initial and final states.  If we understood precisely how the black hole in the ga-
In the initial state we add the extra component due to barytactic center formed, we could say more definitively whether
ons(same density profile as for dark matter but scaled downhe GS spike arises or not. Unfortunately, however, the de-
of a factor Q,/Qy). In the final state we add the stellar tails of black-hole formation are far from clear. The present-
bulge and disk. We pick standard forms for them, compatibleday growth rate for the Milky Way’s black hole as well as the
with available observations in the outer part of the Galaxypeak of AGN activity at redshifte~2 suggest that a good
and with the rotation curve close to the black h@le do not  fraction of the black-hole mass was in place at early times.
reproduce the functional forms here as they do not enteThe most promising mechanisms for black-hole production
critically in the discussion belowThe spiral-in of the black-  at high redshift do not seem to contain the ingredients re-
hole seed is treated in the same way as in Sec. V. Thguired for the GS spikésee, e.g., Ref.19]). N-body simu-
adiabatic contraction is performed using the circular-orbitlations show that at that time, dark halos are forming via
approximation. We also replace the disk with a sphericatapid and often violent mergers. Moreover, hydrodynamic
mass distribution that produces the same rotation curve. Thisimulations show that when two galaxies collide, they can
simplification allows us to still treat the problem as spheri-leave behind a cold dense baryonic gas that can then collapse
cally symmetric and does not enter crucially in the results weo form a supermassive black hole. The rate for black-hole
focus on. growth is estimated to be orders of magnitude larger than the
Results are shown in Fig. 6. The adiabatic contraction oturrent rate(see, e.g., Ref.20]), although a time scale long
the baryons in the bulge and the disk induces a significanéompared with 10yr, the period for the orbits that eventu-
enhancement of the dark-matter density at intermediate gadly wind up in the spike, is still conceivable. However, even
lactocentric distancedfew pc up to few kpg In the inner-  if the time scale is reasonable, the dark halos for each of the
most region, however, the main role is still played by thetwo initial galaxies pass through each other almost undis-
black hole. turbed and then later relax to the dark-matter profile for a
single halo. The timescale for this relaxation should be even
longer.
Moreover, it is hard to believe that the cold orbits required
We have tried to determine the initial conditions requiredfor the GS spike would be found right at the center of the
for growth of this spike by considering several alternativedark-matter distribution so soon after this very violent colli-
formation scenarios. We have found that for the spike tcsion. The mass density in these inner regions will be domi-
arise, the majority of the black-hole mass must grow on anated by the baryons, and baryons can shock, form molecular
time scale long compared with 19r and within 50 pc of the  clouds, stars, star clusters, and supernova-driven winds. The
center of a cuspy dark-matter distribution. Moreover, thedynamical effects of all these processes are heuristically ex-
dark-matter particles that make up this spike must be initiallypected to disrupt cold orbits. Also, it is not clear why the

VII. CONCLUSIONS
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centers of the dark-matter and gas distributions should be sward black-hole binary knocks particles out of the inner cusp
coincident in this violent formatior{Although the black hole and reduces the initial power-law profile to a shallower pro-
in our Galaxy coincides fairly well at the current epoch with file. This is precisely the disruption of cold orbits to which
what appears to be the dynamic center of the Galaxy, this ize were referring above. Although these simulations deal
not necessarily the case in other galaxies, such as)M31. with cusps, and not spikes, they do seem indicate that the
An alternative(although not mutually exclusiygpossibil-  jnnermost orbits are disturbed and the innermost density de-
|ty is that a 16—1&'\/'@ black hole could form at a redshift creased during the final Stages of a merger.
z~30 when molecular-hydrogen cooling permits the col- |n conclusion, we have determined the initial conditions
lapse of the first baryonic objects. The remainingM@ of  for the growth of the GS spike and given several reasons to
mass could then be accreted during the subsequent genetubt they were manifest in our own Galaxy. Given these
tions of mergers that eventually give rise to a galactic halodoubts, null searches for annihilation radiation from the ga-

Although it would not be unusual for the initial high-density |actic center should not be interpreted as evidence against
peak in the primordial mass distribution that gave rise to thisyIMP dark matter, nor against a cuspy halo.

black-hole seed to be near the center of the resulting galactic
halo, it would be somewhat surprising if it wase close to
the center.

Finally, another possibility is that the black hole at the
galactic center was formed from the merger of two smaller We thank A. Loeb for useful discussions. This work was
black holes that would have followed the merger of twosupported in part at Caltech by NSF AST-0096023, NASA
cuspy halos, each with its own black hole. Simulations byNAG5-8506, and DOE DE-FG03-92-ER40701, and at Tri-
Barned 21] show that if two cuspy halos form, then the cusp este by the RTN project under grant HPRN-CT-2000-00152.
may be preserved in the merged halo. However, recent higd.S.Z. wishes to thank Institut d’Astrophysique de Paris and
resolution simulations by Milosavljevic and Merriftlt7]  Sterrewacht Leiden for financial support and Caltech for hos-
show that when black holes are included, the formation of gitality during his visit.
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