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Energy injected into the cosmic microwave background at redshifts0® will distort its spectrum perma-
nently. In this paper we discuss the distortion caused by annihilations of relic particles. We use the observa-
tional bounds on deviations from a Planck spectrum to constrain a combination of annihilation cross section,
mass, and abundance. For particles with amwéve annihilation cross sectiofo|v|)=o,, the bound is
f(my/MeV) Y (0g/6x10 2" cm®s 1) (Qyxh?)?]<0.2, wheremy is the particle mas€)yx is the fraction of
the critical density the particle and its antiparticle contribute if they survive to the present fime,
=Hy/100 kms?! Mpc™t, H, is the Hubble constant, arfdis the fraction of the annihilation energy that
interacts electromagnetically. We also compute the less stringent limifg-viave annihilation. We update
other bounds on residual annihilations and compare them to our CMB bound.
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I. INTRODUCTION the particle; however, annihilations continue eternally at
some small rate and their products can distort the CMB spec-
Newly proposed particles, especially dark matter canditrum if they interact electromagnetically.
dates, must evade an ever growing array of empirical con- The effects of residual annihilations have been considered
straints, ranging from bounds obtained in terrestrial laborain a few other contexts: Reno and SecK8l, Hagelin,
tory experimentsie.g., Ref.[1]), to limits on new cooling Parker, and Hankey10], and Frieman, Kolb, and Turner
sources in stars in our galaX®], to constraints on the ex- [11] computed the effect of annihilation products on the pri-
pansion rate of the universe during big bang nucleosynthesigordial element abundances. Cline and G&2] and Gao,
(BBN), when the universe was only a few minutes (8§l In ~ Stecker, and Cling13] considered the possibility of observ-
this paper we add another constraint to the list, based on thgg directly the photons from annihilations at cosmological
effect of annihilations of relic particles on the cosmic micro- distances. Bergstrom and Snellmgi¥], Rudaz[15], and
wave backgroundCMB). Rudaz and Steckdrl6] discuss the detectability of a line
The CMB energy spectrum provides a direct probe of thesource from annihilations to photons within the Milky Way
early Universe at redshifts as highas2x 10f. Below this  halo. Jungman, Kamionkowski, and Grigst7] conclude
redshift, distortions of the spectrum generally cannot be therthat halo annihilations into particles other than photons prob-
malized and are observable today. The FIR/&Sr Infrared  ably cannot be used to place general constraints on particle
Absolute Spectrophotomeldnstrument on the COBECos-  candidates because of astrophysical uncertainties.
mic Background Exploreérsatellite measured the spectrum  In this paper we compute the energy injected into the
and found it to have a Planck distribution to within a few CMB by annihilating particles as a function of their mass
hundredths of a percef4]. This measurement places strong and annihilation ratéi.e., the product of cross section and
upper bounds on any energy injection into the CMB after theabundance squargdWe derive constraints on the particle
thermalization redshifte.g., referencefs,6]). properties by comparison with the observed limits on chemi-
Decays of relic particles have been considered as a souré@l potential () distortions, and Comptoy- distortions
of CMB distortions[7], but particle annihilations have not. (Sec. I). We compare these constraints to similar constraints
Annihilations are typically ignored because the classicobtained from the production of deuterium by photodissocia-
WIMP (weakly interacting massive partigldark matter can-  tion of primordial helium(Sec. Il A), and from the diffuse
didates have mass,=GeV and their annihilations “freeze photon background produced after recombination by ex-
out” at Te~my/20=50 MeV [8], long before the time tragalactic annihilationgSec. Il B), and annihilations in the
when the CMB becomes vulnerable to distorti¢at T ~ Milky Way halo (Sec. 111 O.
=0.5 KeV). Freeze-out is defined as the time when annihi-
lations cease to change significantly the number density of Il DISTORTIONS OF THE CMB ENERGY SPECTRUM

We consider first the effect of annihilation products on the

*Email address: mcdonald@astronomy.ohio-state.edu CMB energy spectrum. The distortion of the spectrum takes
"Email address: scherrer@pacific.mps.ohio-state.edu place in two steps: first the high energy annihilation products
*Email address: twalker@pacific.mps.ohio-state.edu rapidly dissipate their energy into the background photons
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and electrons, and then the low energy background evolves z<2.1x 10° will produce a Bose-Einstein spectrum with
more slowly in an effort to restore the Planck spectrum. Thechemical potentialw, and annihilations in the range 1100
permanence of distortions produced after10° is simple to  <z=<5.4x 10" will produce a Comptory-distortion. Annihi-
understand in the following way: A Planck spectrum with alations atz<z.will not significantly affect the CMB energy
given photon number density must have a specific energgpectrum, but can be observable in the diffuse photon back-
density. For z=10°, photon nonconserving processes ground.
(double Compton scattering and bremsstrahjueng ineffi- We now compute the fractional energy injectiop,/p,
cient in the background plasma. Therefore, if energy is in{wherep, is the energy density of the CMBrom annihila-
jected into the CMB but not the correct number of photons, gions of particle specieX. We will assume throughout this
Planck spectrum cannot be restored. We now discuss in moggyper that particl and antiparticleX are not identicalwe
detail the form of the distortions produced in different red- giscuss below how our final constraints are strengthened in
shift intervals. o . the case where the particle is its own antiparjice also
Down to recombination at..=1100, photons WittE,  assume thaty=nyx, whereny (n) is the number density of

?5 KteV quu;tkly cool and produc_e heztedt_ electro_ns be (X) (if there is a significant asymmetry the relic density of
ompton scattering ye— ye) or pair production on ions the less numerous particle will usually be negligibly small

(yYN—Ne"e™) (all photons withE,>1 KeV can cool ifz L N
=3500). The heated electrons quickly dissipate their energgzl’m)' The energy produced per annihilating particle is

by inverse Compton scattering on the huge number of CMB
photons. This process produces a distorted spectrum with

phase-space distribution wheremy is the mass of the particle arfé<1 is the mean
fraction of the annihilation energy that interacts electromag-
xe* netically, and the rate of annihilations per unit volume is
(e'=1)?

EaEfmx y (3)

X
tanh(x/2)

f(x,y)=f(x,00+y 4], (1)

o= (oav[)nxny, @

wheref(x,0)=1/(e*—1) is the Planck distributionx=E/T, . . o

and the Comptory parameter is assumed to satigfy< 1 where(o,|v|) is the cross section. A useful parametrization
for the cross section iéo,|v|)=0q (T/my)", wheren=0

[18]. In our case, where there is ample time for all of thef il Di : dn=1 f
input energy to be transferred to the CMB, the relation be 0" S-wave annihilatiore.g., Dirac neutringsandn=1 for

tweeny and the input energy can be found by integrating Eq_p—wave annihilation(e._g., Majorana particle; annihilating
(1) to find the energy density as a functionyofThe resultis  INt© much lighter fermions, see Re23]). We integrate the

4y=5p.,Ip.,, wheresp.,is the injected energy ang, is the energy injection rate from timg, to t, as follows:
energy of the CMB photongsee Ref.[19] for a general

review of CMB distortions or Refl18] for a more detailed Spy_ j‘ZPLnnd _ f‘Z 2E,I'y
discussion of the Comptoyn—distortior)._?nalysis of the Py t; Py t py0 (1+2)*
COBE FIRAS data set gively|<1.5x 107> [4].
_ Th_e _Co_mptony distortion will be preser\ﬁg to the present 2E, (b T\", ,
time if it is produced aftezc=5.4x 10%wg'* (Where wg = To| N%o(1+2)<dt
=03h?/0.02), the redshift above which elastic Compton Pyo X
scattering would effectively redistribute energy between > N
CMB photons, converting a Comptagndistorted spectrum _ 4t*Ea‘70”X0(E) j21(1+z)“‘1dz
into a Bose-Einstein spectrum with distribution Pyo my/) Jz, '
)
p— 1 .
fx,p)= expx+u)—1’ 2) where pn= 2E,I", is the rate of energy injection by anni-

hilations, p ¢ is the present energy density in the CMB, is
whereu is the chemical potential. Assuming the input num-the present CMB temperatury,=ny(z)(1+2) 3, andt,
ber of photons is negligible, which will always be true in this =2.4x10'° s. We have assumed the universe is radiation
paper, the chemical potential jg=1.45p,/p, [20]. The  dominated(this assumption will be accurate enough at the
FIRAS limit on this type of distortion i$u|<9x107° [4]. redshifts relevant to our calculatipn so that t
Equation(2) describes the equilibrium distribution for a 20.30]9:1/2mp|T_25t*(1+Z)_Z, wheremp, is the Planck
fixed total number of photons and amount of energy. For massg, =3.36 is the number of effectively massless degrees
=7pc=2.1x 10Pwg ?®, photons are produced effectively by of freedom aff <MeV, andt, is fixed by the CMB tempera-
double Compton scatteringe¢—eyy) so a Planck spec- ture measured a&=0. The result fom=0 is
trum (u=0) can be restored for arbitrary energy inp2@].
Production of photons by bremsstrahlung is already ineffec- %—AI Z 6
tive atz~zpc (for the observed baryon density —ANn ’ ©6)
To summarize: annihilations occurring at2.1x 10°
will be unobservable, annihilations in the range %4*  and forn=1
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1) T,—T
&:Ag, 7)
py mX
where
4t E oon3
A= a0o xo, ®)
pyO
andT,=T(z).

We usez; = zpc andz, =z to find the chemical potential
w=1.45p,1p.,* with the results

)—1
(Qxihz)zl (for n=0),
9

My
MeV

w=5.1A=2.9x 10‘4f(

|

.
u=2.0x 1PA—2 =2.7x 108f<
My

|

where Qyxh?=94(my /MeV) (Nyo+ Nxo)/cm 3.
Observationallyl x| <9x 10~° [4] so, forn=0, we have
the bound
)—1

{
Similarly, forn=1 we find

el

We have chosen to scale the cross section @g6(

(0]

X
6xX10°%" cms?t

and

My
MeV

)2
) (Qxﬂﬁz)zl (for n=1),
(10

0]

X
6x10°%" cm®s™?t

My
MeV

Jo
6x10°% cm®s?!

)(wa2)2]<0.3.
(11

My
MeV

0o
6x10°% cm*s?!

<3.3x10°.
(12

)(Qxﬂﬁz)z
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out of kinetic equilibrium afT>Tpc can be roughly esti-
mated from the givem=1 constraints by multiplying by a
factor T /Tpc (see Ref[24]).

The Comptory distortion can be obtained by changing
the limits of integration in Eq(5) from zpc andzc to z¢ and
Zec- For simplicity, we replace the lower limit,. by the
redshift of matter-radiation equalityze=2.5x 10" Qgh?
(where () is the present density in matieland we ignore
deviations fromt= T~ 2. The precise value of this lower limit
is not important(because of the log dependehc® we as-
sumezg,= 3200.

Forn=0,

IN(Zc/Zeg)
In(zpc/zc)

"
1.4

1
y 7 =0.15u, (13
while the observational bound jg|<1.5x 10 ° [4], giving
a bound essentially identical to Edll). For n=1, y
=0.005 u, so the bound will be significantly weaker than
Eq. (12.

In the case oh=0, we predict that the. andy distor-
tions will always appear together, with the relationskip
=0.15 u. Fixsenet al.[4] do not give joint constraints on
andy so we perform our own linear fit to the data in their
Table 4, using the formula

lo(v)—B,(To) = Gog(v)
B,
aT

JS.

=AT oy

|

(14)

+G +14@ ﬁs°+01
19(v) a0

wherel 4(v) —B,(To) — Gog(v) is taken from Ref[4] (along
with the necessary error bayg(v)=v’B,(9 K) is the ga-
lactic contamination model used ], and 9S./dp is the
deviation from a blackbody as paramefers varied. We
constrain jointly the parametersT, G;, and dp/p. Based
only on statistical errors, the 95% confidence upper bound on
the energy injection is8p/p<1.6x10 °. Our analysis is
complicated by the significant systematic errorsg 10~ °

and 4x10°®, quoted by[4] for u andy, respectively. It is
not clear how these should be combined with the statistical
error, so we choose arbitrarily to add the two systematic
errors linearly, and then add the result in quadrature to the

x10"%" cm?s 1) because this is approximately the value atstatistical error, to find a final 95% confidence upper bound

which a non-relativistic particle will have relic density
Qyxh?=1 if it freezes out as a result of its annihilations
while in thermal equilibrium. The reader should keep in
mind that(Qy is not necessarily the contribution ¥fto the

present energy density if, for example, the particle decays

subsequent to distorting the CMB.

Note that the constraint fon=1 is roughly my/Tpc
times weaker than the constraint fio=0, whereTpc is the
temperature atpc. Constraints om=1 particles that fall

Splp<4.1x10°°. We finally obtain the bound
d

The combined constraints are plotted as the solid lines in Fig.
1 (for n=1 we just use theu constrain}.

We truncated Fig. 1 any=1 GeV, where hadronic in-
teractions become important; however, the CMB bound
should continue to apply at higher energies, as long ias

my |\ 71

MeV

0]
6X10°%" cmPs !

<0.2.

) (Qyxh?)?
(15

This assumes a negligible increase in the number of photong;omputed to account for non-interacting annihilation prod-

which is valid even in the case of an electromagnetic castseie
Appendix A).

ucts. Even neutral annihilation products can contribute to the
CMB distortion if they are coupled to the plasma in any way,
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IIl. COMPARISON WITH OTHER CONSTRAINTS
L B AL B o L e e S E L e R S 'é}\’m ON RESIDUAL ANNIHILATIONS

1000

L1

In this section we compute bounds, in a form similar to
Eg. (11), from the production of deuterium by photodissocia-
tion of “He (Sec. lll A), from the diffuse photon background
produced by extragalactic annihilations a&z.. (Sec.
Il1B), and from the diffuse photon background produced by
annihilations in our galaxySec. Il C). We restrict our atten-
tion to n=0 because the@=1 bound is very weak in all
cases.
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A. Photodissociation of*He

At roughly the same time that the CMB energy spectrum
becomes vulnerable to distortion by energy injection, pri-
mordially produced*He nuclei become vulnerable to photo-
dissociation by high energy annihilation products. At earlier
e times the nuclei were protected from destruction because
T 1 el R WY1 A R T M AW R TTT MR AT photons with high enough energi (=20 MeV) to destroy
001 081 0 1 10 100 1000 pyclei instead pair produce or elastic scatter on the CMB

m, [MeV] photons yy—e*e™, or yy— yy). This shielding is effec-
tive for E,= m2/44T, where the numerical factor accounts

FIG. 1. Bounds on relic particles from residual annihilations. for the fact that photons in the high energy tail of the CMB
The spacebovethe lines is ruled out in each case. Except for thespectrum are still very numeroysee Ref[25], and refer-
upper solid line, all bounds are for particles w{ith,|v|)= o (i.€., ences therein, for a full discussjon Once mg/44-|—

n=0). The lower(uppe) solid line is the constraint from the CMB 54 e\ annihilation products can dissocidide , either
(including bothu andy distortiong for n=0 (n=1). The upper directly, or indirectly through a cascade whemy

(lower) long-dashed line is the constraint from BBN using the high ng/44_|_.

(low) deuterium abundancéhe low D constraint and the CMB . ) L
constraint are practically identical but we have introduced a slight Bounds on energy injection can be derived by considering

offset for clarity. The dashed line is the constraint from the diffuse the *He or the D produced whefHe nuclei are dissociated,
photon background produced by extragalactic annihilations, and th@nd requiring that the amount created is not greater than the
dotted line is the constraint from the diffuse photon backgroundobservationally inferred primordial abundancgsounds
produced by annihilations in the Milky Way halo. The BBN con- from direct photodissociation of deuterium extend to slightly
straints apply fom,>26 MeV, the threshold for photodissociation lower annihilation energy but are significantly weak&).

of *He to D. For the CMB and BBN constrainfsis the fraction of ~ Previous analysefl1,26 used *He+ D because the upper
the annihilation energy that interacts electromagnetically. For thdimit on the primordial abundance of D was poorly known;
photon background constraints,should be replaced by,, the  however, there is considerable uncertainty in the post-big
fraction of annihilations that produce two photons with energy bang production and destruction 8He so we will use D

(the lines for these constraints are terminated at the electron maggecause its abundance is now more robustly measured in
becausd ,<f is likely if other annihilation channels are opefor QSO absorption systeni8], with a very conservative upper
the case of equivalent particle and antiparticle, substiQtg;  pound np/ny=D/H<3x10"* (high D) [27], or, more
—>QX, and0'0/6>< 10_27 Cm3 S_l—>0'0/3>< 10_27 Cm3 S_l. probably,D/H<4>< 10*5 (lOW D) [28]

- Protheroe, Stanev, and Berezindid9] presented a de-
for example, if they heat the background protons through . . . ;
hadronic interactiongsee Ref[9,10] for discussions of had- tailed computation of théredshift dependenguantity of D

ronic interactions during this epochThis is not generally prf’d”c‘?d. for a given amount (.Jf injected energys(2).
true for the other constraints that we review in Sec. 1. With this input, the raticD/H is given by

These constraints apply to a particle that is distinct from D
its antiparticle; however, to convert to the case where particle — =
and antiparticle are equivalent, it is only necessary to make H
the substitutions Qyx—Qy, and oo/6x10 2" cm®s™?
—0y/3%10°?" cm®s L. The change in cross section nor-
malization cancels the increase in the annihilation rate at 2 6
fixed total contribution to the critical densit.e., for the BZZE f No(2)oonko(1+2)° 2t
inequivalent casd“aocnxn;ocﬂiym, but for the equivalent H : No(1+2)°  (1+2)°
casel ,xn%/2x0%/2). The scale X102 cnPs ! for the ) X
cross section is natural also because it gidg$h?=1. The _ 4t*Ea‘TO”xof N dz= 980G, Eq00nxo
same substitutions can be used to convert any of the con- T Nno p(2)dz= Nho ’
straints in Sec. lll. (17

TENERTTTT B RETT|

f (o, / 6x107%7 cm? s71) (O g h?)?
0.01
T l”w TTK

(50001 0.001

T

LB
\ @o
Ll

Np(z)2E 2
J p(2) a<0a|v|>nxdt. (16

Ny

For n=0 this is

dz
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where we have used the results[20] and evaluated the dJ 2¢c , [ My 312
integral numerically. The constraint on annihilations of par- dEdQ mfﬂonxo(E—)
ticles with my=26 MeV (the energy needed to dissociate 0 ©
“He into D) is
3.9X10°% [ my | "2/ my)| %2
my | o ~ cnPssr '\MeV] |E,
fwBl( . s (Qxh?)? ’
MeV 6x10°% cm st -
0
<1.3 (high D), or <0.2 (low D), (18 6X10°27 cmP s !

weaker than the CMB bound if the high deuterium abun- -
dance is used, but similar for the low deuterium abundance X(Qxxh9)|, (20
(recall wg=Qgh?%/0.02=1). These constraints are plotted as

the long-dashed lines in Fig. 1. h h taken=0. The phot deri
This calculation is not exactly correct unlessy where we have taken=0. The pnotons we are considering,
with energyE,<0.5 MeV, will in fact lose most of their

>26 MeV because our use of the results[#9] assumes s ing i th duced
that the annihilation products are energetic enough to prot_anergy y Compton scattering If they are producedzat

duce a cascade. A more careful calculation would weakeﬁ%z;)0 (_see Ref.[31]), so the maximum redshift factor is

the bound slightly fomy~26 MeV [11]. mwaoaon' bound ihilati b iring that th
Our constraint appears to be several orders of magnitude e derive a bound on anninilations Dy requiring that the

stronger than the constraint described by @jjin Ref.[26]. predicted photon background is not greater than the observed

They used the observational boundHg+D)/H=1.1 one. After considering observqtions of the photon
X 10~ 4, which, considering thatHe is produced- 24 times background at all relevant ene_rglésee Ref.[32-34),

more efficiently than 00 29], should give a bound somewhat Lve\/lng ih;g tEeVASCA_ddatahln bthe energy range ?]'8
stronger than our Eq18). We believe that the discrepancy is "° ';I o= 'el pr(;]w es the ?st copﬁtra;)nt I?n t ed
the result of a numerical error in their calculation. Our resul@"Ninilating particles that we consider. The backgroun

for the @He+D)/H calculation agrees witfl1]; however, N this range is conservatively bounded d/dEd()
we do not use this result for our annihilation constraint be-

<0.36(E,/MeV) %% cm 2 s 1sr 1[33]
cause the deuterium constraint should be more religgle For 160 KeV=my<500 KeV, the best constraint is de-

rived from photons produced ar=200. Setting E,

. =my/200, we obtain the bound
B. Extragalactic y background

Recently, Kribs and Rothsteifi30] used the observed my | 14 oo
y-ray background to constrain late decaying particles. Gao, fy(m) 6% 102 sl (Qyxh?)?|<7.6.
Stecker, and Cling13] computed the expecteg-ray flux X cms 21

from annihilations of a possible lightest supersymmetric par-
ticle. Here we generalize this annihilation calculation to
match the form of the constraint derived from the CMB. . ]
Unlike the previous constraints, the constraint we computé)bservatlons ay=0.8 Kev:
now only applies to annihilations directly to two photons, s
which typically will be sub-dominant for particles with mass My 0o (22| =1.3
greater than the electron masssuming particleX does not 7\ MeV 6x10°27 cmds ) % T
couple directly to photonsTherefore, we will only calculate (22)
the constraint fomy<<0.5 MeV (constraints for general an-
nihilation products would be strongly model dependlent  Figyre 1 shows these constraints as the dashed line.
Temporarily ignoring the possibility that photons pro-
duced after recombinatiofat z,.;~1100) are absorbed on
their way to the observer, the observed energy flux at present

The best bound for lower annihilation energies comes from

C. Annihilations in the Milky Way halo

from extragalactic annihilations to photons is The observability of annihilations to photons in our own
galaxy has been discussed in many papers, includidg
dJ _ 2¢ Zfecdtf my T (2) 16]. In this subsection we combine the latest observational
dEdQ 47 )o yixa limits on the photon background with the calculation by Ka-

mionkowski[35] and Jungman, Kamionkowski, and Griest
X S Eo(1+2)—my](1+2) 73, (19 [17] of the flux expected from halo annihilations to derive a
bound in the form of Eq(11). As discussed in the previous
wheref,, is the fraction of annihilations that produce a pair subsection, we only consider annihilations to two photons of
of photons with E,=my. Using dt/da=3t,a*¥2 particles withmy<0.5 MeV.
=H, a2 for an Einstein—de Sitter universe, afAtE,a * Jungman, Kamionkowski, and Grieft7] assume the
—my)=a%8(a—E,/my)E,*, we find model
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R2+ a2 cannot be used to conclusively rule out dark matter candi-
p(N=po—>——> (23)  dates because of astrophysical uncertainties.
re+a
for the dark matter density distribution in the Galaxy, where IV. DISCUSSION

Ris the distance of the Sun from the galactic certds, the
core radius, and is the distance from the center of the gal-
axy. Note that simulations of cold dark matter models predic
central cusps instead of a cof86], which could lead to . ) .
enhanced annihilation signals toward the center of the Gall'e review the primary astrophysu:_al ones. .

axy; however, we want to be conservative so we do not BBN gives I|m|t§ on the expansion raFe .Of the universe at
assume a cusp. Re-writing EQ.0.D) of Ref.[17] to include T~1 MeV (sometimes described as a limit on the effective

the possibility that the particle X does not make up all the"UmPer of light neutrinos, e.g., R¢B]). The expansion rate
dark matter, we find that the energy fluxBg=my is would be affected by an additional particle with mass in the

range where our CMB bound is most constrainingy(
04 \2 =MeV), if the particle’s number density at the time of BBN
Po ) (%) is equal to the thermal equilibrium value. Therefore, the an-
Qph? nihilation bound on particles witmy=<MeV is only nonre-
dundant for particles that were not in thermal equilibrium at
oo (Q,h?)? (24 the time of nucleosynthesis.
6x10 27 cnis L XX ' Particles withmy=5 MeV are only constrained by our
bound if their density, extrapolated by %) 2 from the
time they influence the CMB to the present, is substantially
greater than the present critical density, or if their cross sec-
tion is very large but their number density is somehow
higher than the density obtained from freeze-out of their an-
nihilations (see Fig. 1 The first case would require that the
particle decays invisibly or otherwise disappears between

Some of the parameter space that can be constrained by
{esidual annihilations is covered already by other kinds of
constraints. To put the annihilation constraints in perspective

dJ . 3.0 [ my\?
dEdQ_ ycrnzssr MeV

where 1 (¢)~1 depends on the observation angle Qp
=0yx is the contribution to the critical density from all
kinds of dark matter, and%*~ 1 is the density of dark mat-
ter near the solar radius, in units of 0.4 GeV ¢nWe
have assumegy(r)x<pp(r), and used the detector energy

resolution, AE/E~0.2, appropriate for the energy bins in ~10° and the present, and the second requires that the par-

F'g_i_hlo ofIRef.[iSZ]. for the hal inilati ticle was formed by decays of a heavier partighe some
€ relevant energy range for the halo ann'“' a Ionfother mechanisimafter the freeze-out temperature for its an-
we are considering, 1-500 KeV, corresponds to a “bump

. . nihilations.
in the observed spectrurtsee[32]). To be conservative . .

- . . ' New particl h n r in . las-
we construct a simple bound by comparison with the ew particles that can be created in st@g., by plas

single power law dJdEdQ=<0.022E,/MeV) 12 MoON decay,yHXY) are constrained by their action as addi-
cm 2 s Lsr !, which is an upper bouﬁd on t%e energy flux tional sources of cooling. Constraints from obsgr\(ations of
in the full range 1 KeVeE,<100 GeV[32]. Since annihi- dlobular cluster stars apply fon,=<10 kev([2]. Similarly,

lations to two photons produce a line sourc&gt my , we cooling in supernovae, specifically SN 1987A, can be influ-
have the bound ' enced by the creation of new particles with mass

=30 MeV; however, these constraints depend on the details
of the particle interactions in the plasneng., Ref[39]).

In summary, the bound from distortions of the CMB en-
6X10 2" cm® s ! ergy spectrum probably cannot be a useful constraint on an-
nihilations of light (my=0.5 MeV) dark matter particles
(e.g., warm dark mattgto photons, because the bound from
annihilations in our Galaxy is always stronger. It is most
interesting as a constraint aark matter particles in the
mass range 05my=<5 MeV, andany particle that decays
invisibly betweenz=10° and the present, although in either
case the particle must also evade the bound from the expan-

survive to the present, this bound is generally stronger tha lon rate O.f the universe during BBN. Finally, altho_ug_h we
ave not discussed in this paper the case of annihilations of

the bound from distortions of the CMB. Note that our calcu- ; . ; . . :
articles with cross sections that increase with decreasing

lation is a somewhat rough estimate because the Observa?_mperature{e.g.,[40]), it seems likely that they can be very

tional bounds are considerably lower at some energies tha h i X
the power law we adopte®2], the energy bin width\ E/E atlghtly constrained by the kinds of tests we have discussed.

is approximate, and we use¢li)) =1 when its value can be
higher for observation angles near the galactic cerité}.

For particles withmy>0.5 MeV we might consider the
observation of annihilation products other than phot@ng., R.J.S. and T.P.W. were supported by the Department of
positrong; however, Ref[17] concludes that these signals Energy(DE-FG02-91ER40690

0o

MeV

-038
fv( T ) (Qph*) 2

X (Qyxh?)2| <0.008, (25)

which we show in Fig. 1the observationally favored value
for the total mass density @ ,h?=0.15[37,38, but we use
0.3 as a more conservative upper bourfebr particles that
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_dEyZZE(ZEmaxEcut)_llzv (A2)

APPENDIX Emad2 dn
Jo e

The number density of photons in an electromagnetic cas-
cade formally diverges at low energy, because the distribu-
tion of photons is given byln/dE,xE,*® (see[25], and ~ and the mean photon energy is
references therejnin this appendix, we show that the num-

Ecut

b e AP ! Te E [EnnpEon¥? [mx 12
er of injected photons is still effectively negligible for our =_ [ Ema=cut] | efle,DC
purpose of calculating the chemical potential for the Bose- N ( 2 ) ( 44 )
Einstein distortion, because very low energy photons, i.e.,
frequency less thamx, pc=3.0x10 %z}2 are absorbed =0.132Y* KeV. (A3)
through the inverse-double Compton process before they can
be scattered up in energg]. If small changes in the number density are present, the
We determine the mean energy per injected photon bghemical potential issee[6])
integrating the energy distribution frork,,=X.pcT to
Emal2= mé/(ZZT), the energy at which the power law index u= L ( 3% _4%>
changes from—1.5 to —5 (for simplicity, we ignore the 2.143\ " p, n,
contribution fromE,>E,/2). The normalization of the 5 367
distribution is found by computing the total energy in the _ Py -
cascade: - 1.4p_,y( 1= E/_N) : (A4)
EOCfEma)JZE_O'SdE :2(%) 12 (AD) where we have useg,/n,=2.7T for a blackbody. From
0 Y Y 2 ' Egs. (A3) and (A4) we see that, az=10°, including the

effect of injected photons decreagego 0.8 times the value
yielding dn/dE,= E(2Emax)‘1’2E;1'5. Then the total num- it would have without them, and the change becomes even

ber of photons is smaller at lower redshift.
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