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Constraintson a Non-thermal History from Galactic Dark Matter Spikes
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Theory Group and Texas Cosmology Center, The UniversitgxdsTat Austin, TX 78712

Scott Watsdﬁ
Department of Physics, Syracuse University, Syracuse, 32441
(Dated: February 16, 2011)

In this paper we examine whether indirect detection comgtran dark matter associated with a non-thermal
history may be significantly improved when accounting f& ginesence of galactic substructure in the form of
dark matter spikes. We find that significant constraints neagidrived from the non-observation of an excess of
diffuse gamma-rays and from the properties of bright gamaygpoint sources observed by the Fermi Gamma-
Ray Space Telescope, but these constraints depend selgsitivthe details of the formation of the first stars
and their subsequent black hole remnants. However, we al$dhfat, especially if WIMPs annihilate primarily
to quarks or gauge bosons, it is possible to extract meaniagfl conservative bounds on the annihilation cross
section.

PACS numbers:

I. INTRODUCTION assuring that when comparing this estimate with pre-
cision cosmological measurements for the amount of
Despite the successes of precision cosmology. exg.D.'vI Foday we get a prediction for the mass and an-
isting observations seem to tell us little about the ’his-mhllat'on cross section near th_e scale_ of electroweak
. . : symmetry breaking. However, in the simplest models

tory of the universe prior to Big Bang Nucleosynthe-

sis (BBN). This is unfortunate given the ex ectationsthis "WIMP Miracle” is spoiled by a tension with elec-
- . 9 P troweak precision constraints. Given that search strate-
from particle theory for a rich amount of phenomenol-

ogy at these scales; including symmetry breaking tran9d1€s at LHC and other CDM detection experiments de-

sitions, the generation of mass in the Standard Modelpend on assumptions about the self-annihilation cross

the origin of the baryon asymmetry, and the existencesecuon of these particlést is crucial to establish the

of Cold Dark Matter (CDM). The Large Hadron Col- robustnes_s of the thgrmal scenario an_d%the as_slociated
lider (LHC) is currently probing the microphysics re- cosmologlqal co_ns_tramt, L&) ~ 10 cm3§ ’

: . as well as identifying any other viable alternatives for
sponsible for many of these processes, but without an cir production [2]
exact description of the cosmological history prior to -
BBN our understanding will remain incomplete. One possible alternative scenario is that afin-

In the case of CDM, the standard assumption of athermalhistory. This scenario occurs if massive par-
thermalhistory prior to BBN provides a well-motived ticle decays or phase transitions lead to a significant
and convincing scenario for connecting the cosmologentropy and particle production prior to BBN. If such
ical and microscopic origin of CDM_[1]. In this ap- transitions occur after the thermal freeze-out of CDM,
proach, one assumes that very early in its history theyredictions for the microscopic properties of tio¢al
universe achieves thermal equilibrium and remains in
that state until the time of BBN. In such an approach,
the amount of CDM today depends parametrically on
the properties of the CDM particles (mass and Crosst There is both a direct connection, as is the case for theeaidir
section) and the temperature at which the particles detection of annihilation products, as well as a more initption-

ceased to annihilate — so-called ‘freeze-out’. It is re- nhection that appears in model-specific scenarios. As angeaoh
the latter, in the Minimal Supersymmetric extension of thenS

dard Model (MSSM), requiring a thermal dark matter candidat

typically leads to a WIMP that is a bino-like neutralino. Hewer,

if one drops the thermal constraint more regions of the MS&M p
*Electronic address: pearl@ph.utexas|edu rameter space become viable, which can lead to differersilpes
TElectronic address: gswatson@syrledu benchmark signatures at LHC [2].
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amount of CDM may differ significantly from the usual PAMELA? excess is in-fact a signature of dark matter
thermal scenaria [3]. Such scenarios have deservinglgnnihilations, the data suggests that dark matter anni-
received much skepticism over the years, particularlyhilates preferentially to leptonic final states![13]. It is
because the non-thermal production of CDM must ocpossible to construct such models|[12], however it is
cur in a very narrow window — after CDM thermal noteworthy that predicted fluxes of charged particles
freeze-out but prior to the onset of BBN — naively intro- can suffer from large uncertainties associated with as-
ducing a new and unmotivated scale of physics into the@rophysical backgrounds. Indeed, it was demonstrated
problem. However, in the particular case of Anomalyin [9] (see also[14, 15]) that in the case of anti-protons,
Mediated Supersymmetry (SUSY) breaking one findsastrophysical backgrounds can be significantly lower
that this scale is set by the scale of SUSY breakinghan previously expected while still being consistent
and non-thermal CDM is a natural prediction for this with the Boron to Carbon ratio.
class of models_[4]. Building on this intuition, more  Here we examine the potential of the gamma-ray
recently it has been suggested that this may be a gentata from the Fermi Gamma-Ray Space Telescope
eral expectation of a larger class of gravity-mediated FGST) to constrain models of non-thermal dark mat-
SUSY models when one accounts for theoretical selfter in local spikes. Uncertainties in the astrophysical
consistency in the ultravioletl[8, 5]. In addition to this backgrounds play an inconsequential role in the fol-
theoretical motivation, non-thermal models make def-lowing analysis, however, we find that constraints on
inite and testable predictions which are currently be-dark matter annihilation can be ambiguous in the ab-
ing scrutinized at colliders, as well as by ground- andsence of a reliable star formation history. We empha-
space-based CDM searches. One such prediction is theéze that an important and difficult challenge for this
enhancement of the self-annihilation cross section byrogram is the establishment of constraints on the typ-
as much as three orders of magnitude compared witfical mass and formation era of the first generation of
that of the standard thermal scenario, while still yield-stars. For example, upcoming observations with the
ing the correct amount of CDM cosmologically [3]. James Webb Space Telescope (JWST) may provide
some hints about the formation of the first stars [16],
. - .__and it's even possible that JIWST will observe a Dark
In this paper we focus on whether indirect detectlonstar [17]. As we demonstrate, if a star formation his-

constraints on non-thermal CDM can be significantly . is established, the constraints on dark matter anni-
improved when accounting for galactic substructure re;,2tion in local spikes may be very significant.

sulting from dark matter spikes. Specifically, we fol-

low [6] in their analysis of the gamma-ray constraints by which dark matter spikes form in the early universe

on dark mattgr annihilation in the da_rk mat.ter SIOIkeSand the method used to extract the local distribution
in our Galactic halo. Dark matter spikes arise due to

th tracti f a dark matt inihalo wh b of surviving spikes in our Galactic halo. In sectioq IlI
€ contraction of a dark matter minihalo when a bary~ e qemonstrate how the presence of this substructure
onic object (e.g. a star) forms at its center, as was th

%an lead to a general enhancement of the gamma-ray

case Wllth(;he(fj'mt generatI[[onf(;Lstgrs to forrg Idn Oli” unt't'constraints on non-thermal dark matter model building.
verse. Indeed, as aresult of the increased dark matigy,, briefly conclude in the section that follows.

density in the spike, the very first stars are thought to
have undergone a phase during which they were sup-

ported by dark matter annihilations, dubbed the Dark

Star phasel[7]. The affect of a boosted annihilation Il. GALACTIC SUBSTRUCTURE FROM CDM

cross section on the evolution of Dark Stars was exam- SPIKES

ined in [8], where they found that the Dark Star phase

is shortened by an enhanced dark matter annihilation One might expect that the distribution of CDM
cross section, though the existence of the phase is rowithin our galaxy can be strongly influenced by the for-
bust. mation and evolution of objects such as black holes. In

In the next section we briefly review the mechanism

Current constraints from indirect detection already
put strong bounds on the allowable_ Cross ;ectlonsz Payload for Antimatter Matter Exploration and Light-Ntiches-
for non-thermal models [9, 11]. Additionally, if the  trophysics



particular, as the gravitational potential becomes domen the duration of Pop-Ill star formation, though the
inated by a compact baryonic object, the CDM distri- exact redshift at which Pop-Ill star formation ceases
bution near this object will be affected. Gondolo andremains uncertain. Additionally, the density profile of
Silk have examined this possibility for the supermas-each individual spike, and therefore the expected dark
sive back hole at the center of our galaxy (aroua®  matter annihilation rate, depends on the typical size of
M) around which one might expect a large enhancethe remnant black holes. Here we build on the analysis
ment in the CDM density [18]. However, further inves- of SDFS, whose methodology we now review, refer-
tigations revealed that such extreme inhomogeneitiesing to the original papers for more detail [6) 26].

are most likely negligible today due to a number of ef- Via Lactea-Il [27] is the first cosmological N-body
fects, including major merger events, off-center forma-simulation of a Milky-Way sized dark matter halo capa-
tion of the seed black hole, gravitational scattering offble of resolving the~ 10 M minihalos in which the
stars, and CDM annihilations [19-22]. Zhao and Silk first stars formed. Star formation depends on the ability
then proposed [23] that these wash-out effects may nadf the baryonic clouds to efficiently cool as they col-
be present for small over-densities,amikes resulting  lapse. This cooling proceeds primarily through excita-
from Intermediate Mass Black Holes (IMBHSs), which tions of molecular hydrogen, the abundance of which
are the expected remnants of the earliest stars to formdepends on the temperature and therefore redshift of
known as Pop-Ill stafs formation. Using this fact, Trenti and Stiavelli found

Bertone, Zentner, and Silk (BZS) examined this pos-@ minimal mass for minihalos in which Pop-Ill stars
sibility in more detail in [24] (for a review seé [25]) could have formed of [28]
using an analytic model of halo evolution and perform- —2.074
ing 200 statistical realizations for the growth of a Milky Mhalo — 1 54 % 10° M, (ﬁ) W
Way-sized halo. The population of IMBHs was gener- e 31

ated by identifyingo over-densities in the smoothed The maximum mass of halos that formed Pop-I1ll stars

primordial density field at a redshift af= 18 and re- . . ; ; )
placing each of those peaks with @) M., black hole. is less important since the hierarchical nature of struc-
ture formation favors small mass minihalos, but for

Tracking the growth and mergers of the structures un- ;
til today, they find an expected number of IMBHs in completeness SDFS took @ maximum mast6iM.

our galaxy to beNy, — 1027 + 84. The uncertainty Given the uncertainty in the redshift at which Pop-

in this number reflects unknowns in the model parame-III star formte)mon ga\;e way t?. the fofrmtatmn oL!eﬁs-
ters, such as the redshift at which small-scale fragmenm‘":SSIVe studstequenltge?ﬁra 'QES ot stars (‘.N '(r:] are
tation of baryonic disks becomes important and black 0! €Xpected to result in the Spikes we examine er_e),
hole seeds cease to form. BZS accounted for this un-SDFS considered three poss@le termination re(_jsh|fts
certainty by varying the redshift at which the seeds arezflz 1& ig and23. For brevity, here we consider
initially evolved. only zy = 1o. L

A different approach was taken by one of us (PS) in Assuming each Pop-Ill star ended its life by collaps-

: : . ing to a black hole, and given a Pop-Ill termination
collaboration with J. Diemand, K. Freese, and D. Spol-ye 4shift and the viable minihalo mass range above, the
yarin [6] (see alsa [26]), hereafter referred to as SDFS

: - _ . current number density of black holes surrounded b
Their analysis uses the Via Lactea-1l cosmological N- y y

. ) i spikes, Ny, is related to the total possible number of
body simulationi[27] to estimate the number and masg,j;p|e MiINihalos Nyazes, by

distribution of CDM minihalos as a function of red-
shift. Min_ihalo_s_ suitabl_e for the _formation of_ Pc_>p—|!| Non = fo (1 = fmerged) Nhatos, 2)
stars are identified at high redshift, and the distribution
evolved until today. Assuming each minihalo hosted awhere fy is the fraction of halos that are expected
Pop-IIl star, these minihalos exist today as spikes, eacto host Pop-Ill stars, and,.-4cq is the fraction of
surrounding an IMBH Pop-Ill remnant. The distribu- CDM spikes that are destroyed by black hole mergers.
tion of these IMBHs and surrounding spikes dependsSDFS argued that mergers are most important for the
highest mass black holes and ffy ~ 1, in which
case they would reduce the number of spikes by at
most a factor of two. For lighter black holes and/or
3 In this paper we will carelessly refer to Population I11.1Rasp-I1l. smaller fy, it was argued that this effect is negligible



4

and Ny, =~ foNnaios- Here we will fix the fraction of 1000, and 2000 GeV and Standard Model final states
black holes to form and survivg, = fo(1 — fmerged) bb, WHW =, 7t7—, andutp~. The resulting spec-
and consider two possible values; = 0.1 and the  trum of photonsdN¢/dE from annihilation to final
maximal casefs = 1. state f is computed with PYTHIAI[30]. Foryy —

If the growth rate of a baryonic object at the center u+ 1~ the photon spectrum comes from final state ra-
of a minihalo is slow with respect to the time it takes diation and is given by [31]
CDM particles to cross the central region, the contrac-
tion of particle orbits and the formation of CDM spikes 5
may be modeled by adiabatic contraction. SDFS used@Vutn— _ <x —2z+ 2> {ln (M) _ 1} ,
the Blumenthakt al. prescription for adiabatic con- dx T/ mg,
traction [29], which predicts a roughly power-law den- (5)
sity profile for the spikes and is independent of thewherez = E. /my, the center-of-mass energy squared
CDM particle mass. However, given the enhanced deniS s = 4m7, anda ~ 1/137 is the fine structure con--
sity of CDM, some particle self-annihilations will take Stant. We note that WIMP candidates typically annihi-
p|ace. Th|s depends on the ||fet|me of the Central masi.ate tO a Var|ety Of.ﬁnal states W|th the rate Of ann|h|la-
core ¢,) and leads to an upper limit on the CDM den- tions in a CDM spike expressed as

sity I = BT, (6)

mx
<0'1)>tbh ’

Pmaz =

(3)  whereB; is the branching ratio to the final state The
intrinsic photon luminosity from CDM annihilations in

wherem,, and (ov) are the CDM mass and averaged any CDM spike is then
self-annihilation cross section times velocity, respec- AN
tively. L= / dE > =L, @)

In summary, SDFS find that the formation of Pop- ¥ dE
[l stars leads to a significant number of CDM spikes o ) .
in our own galaxy today, as first anticipated by Zhao Given the luminosity resulting from dark matter annihi-
and Silk. In the next section, we consider the feasi-lations in spikes, we can now proceed to establish con-
bility of using the existence of these spikes to sharpe,!_ptralnts on '_[he CDM self an_n|h|lat|0n Cross section us-
constraints on the properties of CDM through (non-iNg both point source and diffuse flux data from FGST.
Jobservation of their annihilation products by FGST.

A. Point Source Constraints
I11. NON-THERMAL CDM CONSTRAINTSFROM
SPIKES We first consider establishing constraints on the
WIMP self annihilation cross section by requiring that
For a Majorana CDM particle with mass, and annihilations in the nearest spike do not lead to a
average annihilation cross section times velogity), point source flux that exceeds that from the bright-

the rate of self annihilations inside a spike is est recorded FGST point source. Point source con-
straints rely heavily on the estimate of the distance to
_ (ow) [Tmes 9 9 the nearest spike, determined by integrating the prob-

~ 29m2 dr A7 pipike (1), (4) ability density of finding a spike in the neighborhood

X Y Tmin

of our Solar System. Despite the fact that the bright-
wherer,,;, andr,,.,. are the inner and outer radii of est FGST point source is associated with the Vela pul-
the CDM spike in which annihilations occur with the sar [32], in this analysis we simply require that the
former being of order the Schwarzschild radius of thegamma-ray flux from the brightest spike not exceed the
black hole, ang k. (r) is the CDM density profile of gamma-ray flux from Vela, resulting in the somewhat
the spike. bizarre requirement that the brightest spike must be lo-
We consider several WIMP candidates defined bycated along our line-of-sightto Vela. As this possibility
their masses and annihilation channels. Calculationss not excluded, we reserve further discussion of this is-
are performed for WIMP masses of 100, 200, 500,sue until the end of the section.



As discussed in sectidnl Il, given the uncertainties 1018
in spike formation we will consider both small mass
(mpy = 100 M) and large massi{zy = 10* M) "
black holes and we will consider two values for the < 19
fraction of black holes to form and surviveg; = 0.1
and fs = 1. Our results for the point source analy-
sis are given in Figurds 1 afd 2. In Figlde 1 we fix
fs = 0.1 and present the upper limit on the average ¢
WIMP annihilation cross section times velocity as a
function of the mass of the dark matter particle for a
typical black hole mass of00 M (top panel) and 10-26 L ‘ ‘ ‘ ‘ ‘
10* M, (bottom panel) for four choices of final state 100 15C 200 30C (é’g\% 700 100C  150C
particles; bb (solid black curves)W W~ (dashed ™
black curves)u™ .~ (solid grey curves), and*r~
(dashed grey curves). In each panel we present the cos-
mologically determined thermal WIMP cross section
(ov)en, = 3 x 10725 cmPs~! for comparison. Simi-
larly, in Figure2, we show the upper limitdav) asa 7,
function of WIMP mass forf, = 1. '

1022,

(0" Vymax (M ™3s

1024

black hole mass. Constraints are also sensitive to the
value of f5, an as-yet unknown parameter. The least
constrained case considered here is shown in the top
panel of Figuréll, withny, = 100 Mg and f, = 0.1. 10706 15C 200 30C 500 70C 100C 150C
Comparison of these limits with the left panel of Fig- mx (GeV)

ure 5 in [33] reveals that the constraints are compa-

rable'. However, for the heaviest black holes consid-

ered here and, = 1, as shown in the lower panel of FIG. .1: Upper limit on the annihilation cross section as a
Figure[2, we see that non-thermal models with |ightfunctlon of the mass 2of the dark matter partlcie for a typical
WIMPs are essentially completely ruled out, with the 2/2ck hole mass of0" M, (top panel) andi0” M, (bot-
possible exception of the case wherg — /i~ tom panel) for four choices of final state particlés; (solid

g ' . black curves)IWWt W~ (dashed black curves),™ p~ (solid
We expect that the true effect of the spikes will lie grey curves), and+— (dashed grey curves). Here we as-
somewhere between these two extreme cases. HOWymes, — (.1. The horizontal line in each panel indicates
ever, we see from the upper panel of Figure 1 that eVeNyy),, = 3 x 10726 cniPs L.
in this case meaningful constraints may be achieved for

WIMPs with final states obb andW*W—. The lat-

ter places an important constraint on the non-thermahere would improve had we chosen to use the flux limit
wino-like LSP scenario discussed in [9.! 10], which from the brightest unassociated FGST point source,
used the non-thermal enhancement of the cross sectiqther than the flux limit from Vela. For a spike
to address the PAMELA data. located at some distanc® from our solar system,
Finally, it is obvious that the constraints presented®  (ov)/D?, so it is possible to translate the con-
straints on{ov) from Vela to constraints from the
brightest unassociated source, which has an integrated
luminosity ~ 1/22 that of Vela. Therefore the limits
* Differences in the slope of the constraint in ey, (ov)) plane  from the brightest unassociated source, for the choices
are due in part to the fact that the spike profiles (specifigall =) of f, in Figures[]. and]2 would simply be shifted to

are affected by the WIMP mass. As WIMP mass increases, no .
only does the luminosity of a particular spike decrease dube ‘iower <UU> by a factor of~ 1/22’ representing a

decreased number density of WIMPs, but the luminosity atso d notable improvemgnt in the abi_"ty to constrain non-
creases because the spike has essentially lost more oféts co  thermal cross sections. Alternatively, one could imag-




straints on non-thermal dark matter, we now turn to the

case of the diffuse flux.
@ B. Diffuse Flux Constraints
5
3
£
s
L
260 . , , , , . . A
10"0c 150 20 30 50C 70C 100C 150C B4
my (GeV) 5
g
<
)
T 100 150 20C 300 50C 70C 100C 150C 200C
€ mx (GeV)
e
g
£
E FIG. 3: Cross sections that may be excluded by the FGST
e measurement of the diffuse gamma-ray fluxfor= 1 and
annihilations top ™. If the typical size for a black hole
1033 ‘ ‘ ‘ ‘ ‘ / ‘ is 100 Mg, the shaded region between the solid contours is
10C  15C 20C  30C 50C 70C 100C 150C excluded. If the typical size for a black holelg* M, the

my (GeV) region between the dashed contours is excluded. The hor-
izontal line indicates the thermal dark matter cross settio
(ov)en =3 x 10725 cnPs™t,
FIG. 2: Upper limit on the annihilation cross section as a

function of the mass of the dark matter particle for a typical I .
black hole mass af0 M, (top panel) andi0* M, (bottom The CDM annihilation cross section may also be

panel) for four choices of final state particlesi (solid black ~ constrained by requiring that the diffuse flux from dark
curves), W W~ (dashed black curves),* .~ (solid grey ~ Matter annihilations in the spikes not exceed the FGST-
curves), andr* 7~ (dashed grey curves). Here we assume measured diffuse gamma-ray flux by more tt3anin
fs = 1. The horizontal line in each panel indicatésv),, =  any of the nine energy bins of Ref. [34]. This pro-
3x 107 cni’s™!. vides a quite robust constraint given our adoption of the
conservative assumptions for the number of spikes that
contribute to the diffuse flux as outlined in Ref.[26]. In
ine thatf; is in fact less than the minimal value ft  Figurel3 we present the values(ofv) that may be ex-
that we have chosen to examine here. If we derive outluded by the diffuse gamma-ray flux as measured by
limits according to the flux from the brightest unasso-FGST for the channek X — p*p~ for f, = 1. The
ciated FGST point source, the constraints in Figlies khaded region represents the cross sections that are ex-
and2 would apply tgf; ~ 0.001 rather than 0.1 (upper cluded if the typical black hole massig0 M, while
panels), andf; ~ 0.01 rather than 1 (lower panels). the region between the dashed contours is excluded if
If it is true that there are no bright spikes located alongthe typical black hole mass i©)* M. As expected,
our line of sight to any of the brightest associated FGSTcross sections that are below the accessible range result
point sources, then even ff is quite small there are in too low a photon flux to provide a meaningful con-
very significant limits on(ov) from non-observation straint. However, cross sections above the accessible
of bright nearby CDM spikes. range result in extremely bright spikes, such that many
With these examples of how point source flux from or most of the spikes in our Galactic halo would be
WIMP annihilations in spikes can be used to place convisible as point sources, and therefore very few would



contribute to the diffuse flux. The horizontal line repre- cal mass of a black hole at the center of a spike is rather
sents the standard cross section for thermal dark mattelarge ¢~ 10* Mg). We have also demonstrated that
(ov)en = 3 x 10726 cm’s~ 1. We see that even for the constraints can be established based on the contribu-
case of small black hole mass that light non-thermation of faint CDM spikes to the diffuse gamma-ray flux
WIMPs with the XX — p+pu~ channel may lead to for the example case ofy — ™ p~. For this particu-
significant constraints. We remind the reader, how-lar final state, and if each minihalo capable of forming
ever, that the largest diffuse flux is expected in modelsa Pop-Ill star did form one, we find that non-thermal
where the luminosity of an individual spike is very low WIMPs are restricted to be quite massive, even for the
(thus many/most spikes contribute to the diffuse flux).lighter 100 M;, central black holes.
Therefore, of the cases considered h&f& — 1~ Despite the many uncertainties in the star formation
with f; = 1 results in the strongest diffuse constraints. history, these results are promising and merit further
For f, < 1, the diffuse constraint weakens. As was investigation into the importance of dark matter spikes
concluded inl[6], there are few cases where the dif-in indirect detection of non-thermal dark matter. How-
fuse constraint is stronger than that from point sourcesver, an important and difficult challenge for this pro-
brightness. gram is to better establish the typical mass and forma-
tion era of the first generation of stars. As we have
shown, if a star formation history is better established,
IV. CONCLUSIONS accounting for dark matter annihilation in local spikes
may significantly improve existing constraints on non-
We have examined whether significant constraintghermal dark matter.
on non-thermal dark matter can be derived by account-
ing for the presence of dark matter spikes in our Galac-
tic halo. We find that, despite the uncertainties in
the formation of dark matter spikes and the associated
black holes, meaningful constraints may be expected
for f, > 0.1, and even forf, as small asl0—3 if We would like to thank Jurg Diemand for his col-
one is willing to accept that there are no spikes hid-laboration in extracting the required distributions from
ing along our line of sight to the brightest associatedVia Lactea Il. We also thank K. Freese and M. Perel-
gamma-ray point sources. Existing constraints on nonstein for useful conversations. P.S. is supported by the
thermal dark matter annihilation cross sections may beNSF under Grant Numbers PHY-0969020 and PHY-
improved by the non-observation of a gamma-ray flux0455649. S.W. would like to thank Cornell University
from spikes in our Galactic halo, especially if the typi- for hospitality.
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