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The very first stars likely formed from metal-free, molecutgdrogen-cooled gas at the center
of dark matter minihalos. Prior to nuclear fusion, thesesstaay have been supported by dark
matter heating from annihilations in the star, in which cts®y could have grown to be quite
massive before collapsing to black holes. Many remnantkiitates and their surrounding dark
matter density spikes may be part of our Milky Way halo toddgre we explore the gamma-ray
signatures of dark matter annihilations in the dark matpékes surrounding these black holes
for a range of star formation scenarios, black hole massesdark matter annihilation modes.
Data from the Fermi Gamma-Ray Space Telescope are used straiomrmodels of dark matter
annihilation and the formation of the first stars.

Identification of Dark Matter 2010-IDM2010
July 26-30, 2010
Montpellier France

*Speaker.

(© Copyright owned by the author(s) under the terms of the Cre@dmmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:pearl@physics.utexas.edu
mailto:diemand@physik.uzh.ch
mailto:ktfreese@umich.edu
mailto:dspolyar@fnal.gov

Signatures of Dark Star Remnants in the Galactic Halo Pearl Sandick

1. Introduction

The very first generation of stars, known as Population 111.1, likelyried from the pristine
gas at the centers of 10°M., dark matter minihalos &> 10 [1]. The response of the dark matter
in a minihalo to the formation of a compact baryonic object at its center is a ctintraof the
dark matter density profile in and around the object. When the first stgpscid to be> 100M,,
ended their lives by collapsing to black hdlesach remnant remained surrounded by a region of
enhanced dark matter density, which we calleak matter spikeln fact, if the first stage of stellar
evolution is a Dark Star (DS) phase, during which the star is poweredrkynuitter annihilations,
the first stars would have grown to be even larger, leaving corresmgipdarger black holes and
surrounding dark matter spikes.

Many of these spikes, remnants of the formation of the first stars, may rhavged into
our Galactic halo, constituting Milky Way dark matter substructure today. Weresport on the
results of Ref. [3]: the gamma-ray flux from dark matter annihilations in thike ehatter spikes in
our Galactic halo, and how we can use data from the Fermi Gamma-Ray Sgasecpe (FGST)
to constrain models of Population 111.1 star formation and/or dark matter antnnila

2. TheFirst Starsand Their Dark Matter Spikes

Population 111.1 stars could only form when a cooling mechanism for the gsdlaf the bary-
onic cloud arose. The first accessible mechanism to cool the gas wasitations of molecular
hydrogen, the fraction of which present in a minihalo is related to the temperathich in turn
can be written in terms of the mass and redshift of the minihalo. We use the paratien of
Ref. [4] for the minimum halo mass in which star formation could occur:
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We take the maximum halo mass for Population 111.1 star formation el = 10'M,, though
our results are not sensitive to this choice.

At some time between the beginning of Population 1l1.1 star formation and thefemeibn-
ization atz ~ 6, massive Population 1ll.1 (and DS) formation must have given way teexént
formation of less-massive stars [5], however there are few consti@inighen this transition oc-
cured. Here we consider three scenarios for the termination of Populltibstar formation at
redshiftz;. These scenarios are hereafter noted as Early, Intermediate, antbllateng Ref. [5],
with z; =~ 23, 15, and 11, respectively. For each case, we assume that Paplilatistar formation
was possible in any minihalo with a mass betws&]!° andMJ20 at redshiftz > z;.

In fact, not every minihalo meeting the above criteria must have hosted dafiopull.1 star.
We therefore parametrize the fraction that didfgs Neglecting black hole mergers, a discussion
of which can be found in [3], the comoving number density of black holesfaaction of redshift
is then

NeH (2) = fosNhalo(2), (2.2)

1Stars in the mass range 140— 260M, would have ended their lives as pair instability supernovae, leaving no
remnants [2]. We do not consider these objects here.
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whereNp410(2) is the comoving number density of minihalos in which Population I11.1 star forma-
tion was possible.

Assuming that each viable minihalo hosted a Population I1l.1 $tay-€ 1), we determine the
z= 0 distribution of dark matter spikes throughout the Galactic halo from the \i#&ekd| (VL-
1) cosmological N-body simulation [6]. In Fig] 1 we show the number derssitiedark matter
spikes inside the Milky Way halo as functions of Galactic radius for Eartgrinediate, and Late
zs. In the Early case, Pop. lll.1 star formation terminates=at23, so there were the fewest stars,
and therefore the fewest black holes and surviving density spikeg;té@8 spikes in our Galactic
halo. In the Intermediate and Late cases, we find 7983 and 12416 dark spéltes in our Galactic
halo, respectively. In a similar analysis, Ref. [7] found the distributiogpiites given by the grey
curve in Fig.[1L, resulting inv 1027 spikes in our Galactic halo. For comparison, the total dark
matter density profile a= 0 in VL-1l is also shown; although the normalization of these points
is arbitrary, it is useful to illustrate that the total dark matter profile is more ee@nhan the
distribution of black holes with dark matter spikes.
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Figure 1: The number density of black hole spikes in the Milky Way as a fumofiGalactic radius
for star formation models with Early (green), Intermediate (red), and ldtie)z; as described in
the text. The black points illustrate the total dark matter density profite=a. Also shown as a
solid grey curve is the analytical fit found in Ref. [7, 8].

The density profile of an individual dark matter spike surrounding a badk is determined
by adiabatic contraction of the dark matter halo around the central mass.s3¥ma Navarro,
Frenk, and White (NFW) profiles for both the baryons and dark mattdrcampute the contracted
dark matter profile using the Blumenthet al. prescription for adiabatic contraction [9]. The
resulting halo profiles are roughly power-law in nature with a high densityofflimposed to
account for the annihilation of the dark matter in the spgkgix= my /({(oVv)tgn), wherem, is the
mass of the dark matter particlggv) its annihilation cross section times velocity, aad is the
lifetime of the central mass, roughly3lx 10° years for a star that formed at= 15.

While standard Population Il.1 stars are expected to have massesliM,., if dark matter is
capable of self-annihilating, then the first stars may have been powgdadlmatter annihilations
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for some period of time prior to nuclear fusion. This first phase of stell@luéon is known as the
Dark Star (DS) phase [10] and may have lasted anywhere from a fedréad thousand years to
millions, or even billions, of years. During the DS phase, the star remaignoagh to continue
to accrete baryonic matter, and may grow~td00QVl, [11] or even as large a3 10°M,, [12],
depending on the details of how the dark matter is depleted and replenishedsiarth

When the dark matter fuel inside a DS runs out, it collapses and heats upoiméa standard
fusion-powered star, which, at the end of its life, will likely undergo carkapse leaving a black
hole remnant. We use the potential existence of the DS phase to motivateetatisid of black
holes as large as 10l

3. Gamma Ray Signal from Dark Matter Annihilations

For a Majorana dark matter particle with massand annihilation cross section times velocity
(ov), the rate of WIMP annihilations in a dark matter spike is

_@ max 2 9
M= 2m)2(/r drdm<psu(r), (3.2)

min

with rmin andrmax defining the volume of the dark matter spike in which annihilations occur.

We choose as a benchmark scenddw) = 3 x 10726 cmPs™?, in agreement with the mea-
sured dark matter abundance today for thermal WIMP dark matter, arsideorseveral WIMP
candidates, defined by mass and annihilation channel. We consider aionikilaf WIMPs with
masses from 100 GeV to 2 TeV to Standard Model final statte®/*W—, T+ 1~, andpu*pu—. The
resulting spectrum of photons from annihilation to final state dN; /dE. Forxx — u*™u—, the
photon spectrum comes only from final state radiation. In the following aisalwe assume that
the branching fraction to each final state is 1, though, in principle, someigatium of final states
is possible.

The differential flux of neutral particles from annihilations to final sthta a dark matter
spike with radiug maxlocated some distand2 from our Solar System is given by

dds T dNs
dE  4mD? dE’

(3.2)

for D > rmax If @ single spike is a sulfficiently bright and compact source of gamms-iagay
have been identified as a point source and recorded in the FGST RirseSoatalog [13]. Spikes
bright enough to be identified as point sources must not be brighter tadmiffintest source in the
the FGST catalog. Requiring that the flux not exceed this brightness els&sdisninimal distance,
DFS ., beyond which the spike must be located. Similarly, we can define a maximalasiy3,,
as the distance beyond which a spike would not be bright enough to leevedetected atdb
significance (see [3] for details). All spikes which could have beentifiesh as point sources lie
betweerDPS andDES,.

In Fig.[2, we display in the left panel the minimal distanbgs | at which a point source may
be located in order not to exceed the largest flux from any point soueesured by FGST for eight
example WIMP annihilation cases. For most of the dark matter models showe,détitral black

hole is< 10°M.,,, spikes may be located within 1 kpc of our Solar System. However, for aiteb
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Figure 2: In the left panel, we display the minimal distance from our Solae8ysf a single spike
such that it does not exceed the flux of the brightest source in the FEBS&BBurce Catalod"s

as a function of central black hole mass for Intermediaté=rom top to bottom, the contours are
for 100 GeV WIMPs annihilating tb (blue dashed), 100 GeV WIMPs annihilatingW™ W
(orange dashed), 100 GeV WIMPs annihilatingtar— (magenta dashed), 1 TeV WIMPs annihi-
lating to bb (blue solid), 1 TeV WIMPs annihilating t&/*W~ (orange solid), 100 GeV WIMPs
annihilating tou™ u~ (green dashed), 1 TeV WIMPs annihilatingtbr~ (magenta), and 1 TeV
WIMPs annihilating tqu™ u~ (green solid). In the right panel, we show the maximal distance from
our Solar System of a single spike such that it would appeagaSapoint source to FermDFP3,,

for the same cases. The horizontal black line indicates the distance to theiGedater.

of z; considered here, we expect less than one dark matter spike within 1 kpc 8blar System,
even for fps = 1. In the right panel of Fig[] 2, we show the maximal distariggs,, at which a
single dark matter spike would have been identified by FGST2a8@ point source. For 100 GeV
WIMPs annihilating tdbb or WHW~ around large black holes, as in the upper right portion of the
plot, all dark matter spikes in the Milky Way halo would have been identified ag pources by
FGST.

Many of the dark matter spikes in the Milky Way halo may be too faint to be identifsed
point sources by FGST and would therefore contribute to the diffuse Baged on the simulated
distribution of Population 111.1/DS remnant spikes in the Milky Way halo from-NLwe calculate
the contribution to the diffuse gamma ray flux from all spikes that are delgidedl faint to have
been identified as point sources by FGST. These results are preseftgd3 for annihilations of
100 GeV WIMPs td:)B(Ieft panel) andu™ u~ (right panel) along with the FGST-measured diffuse
gamma-ray flux [14]. We see that the all-sky averaged diffuse flux islvedtiw that measured by
FGST in all models shown at low energies, but can rise to the level of th@4@&asured flux at
intermediate and higher energies.

4. Constraining fps

To this point we have focused only dgs = 1, though in factfps may be< 1. It is possible
to constrainfps in two ways: First, from the FGST measurement of the diffuse gamma-raybjux
requiring that the diffuse flux from dark matter annihilations around spikése Milky Way halo
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Figure 3: Diffuse gamma-ray flux from dark matter spikes for annihilatidri®6 GeV WIMPs to
bE(Ieft) andu™ u~ (right). In each panel, Early (green, dotted), Intermediate (red, sald) Late
(blue, dashed); are shown for central black holes of mas$NIQ (thick curves) and 13M., (thin
curves). The black points represent the FGST-measured diffuse gaayrfiex [14].

not exceed the measured flux in any of the nine FGST energy bins in Réby more than 8.
The resulting maximal values dbs are presented in Fif} 4 for annihilations of 100 GeV WIMPs
to bk_)(left panel) andu™ u~ (right panel) as the open points, with Early, Intermediate, and t;ate
represented in green, red, and blue, respectively.

A second way to constraifps is by requiring that one should expect to find less than one dark
matter spike withirDFS. the minimal distance at which a spike may be located such that it is not
brighter than the brightest point source in the FGST First Source CatE3pgThe maximumfps
as found in this method is displayed in Figj. 4 as the solid points in each scefiagse are the
most conservative limits offips, as they are based on the flux not exceeding that of the brightest
FGST point source, known to be the Vela pulsar. If we require that tixeffitum a dark matter
spike not exceed that of the brightest unassociated point sourcegeatriimits onfps would be
obtained, though there is no gaurantee that there is not a dark matter lgpigeoar line of sight

to Vela.
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Figure 4. Maximumfps as a function of central black hole mass for 100 GeV WIMPs annihilating
to bB(Ieft) andu*tu~ (right). Green circles, red squares, and blue diamonds are for Hady;
mediate, and Lates, respectively. The solid markers are the limits from point source brightnes
while the open markers are from the diffuse gamma-ray flux, as desaénillee text.
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5. Conclusions

We have show how FGST gamma-ray observations can be used to place lithikgwaperties
of dark matter spikes around black holes in our Galactic halo. We compagathma-ray flux
from dark matter annihilations around spikes to both the gamma-ray flux foam gources and
the diffuse flux observed by FGST, and constrain the maximum fractiombfesminihalos that
could have hosted Population 111.1/DS star formation. In general, it is thedthe bounds are the
strongest for the largest black hole masses and if star formation persistedredshift (in which
case the total possible number of dark matter spikes in our Galactic halo ist)arghese limits
also depend sensitively on the dark matter annihilation channel, as oneeay somparing the
results for annihilations tbl;anduﬂr final states. If/when the annihilation properties of particle
dark matter become known, we may be provided with some interesting hints thiediermation
of the first stars.
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