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Effect of a late decaying scalar on the neutralino relic density

G racie la  G e lm in i,1'* P ao lo  G o n d o lo , 2 ' 1 A drian  S o ld a ten k o ,1"" and  C arlos E . Y ag u n a 1̂

1 Department o f  Physics and Astronomy, UCLA, 475 Portola Plaza, Im s  Angeles, California 90095, USA 

2Department o f  Physics, University o f  Utah, 115 S 1400 E # 201, Salt Lake City, Utah 84112, USA 
(Rcccivcd 26 May 2006; published 18 Octobcr 2006)

If the energy density of the Universe before nucleosynthesis is dominated by a scalar field 4> that dccays 

and reheats the plasma to a temperature Tm  smaller than the standard neutralino frcczc-out temperature, 

the neutralino rclic density differs from its standard value. In this ease, the relic density depends on two 

additional parameters: Tm , and the number of neutralinos produced per <j> decay per unit mass of the <j> 

field. In this paper, wc numerically study the neutralino rclic density as a function of these reheating 

parameters within minimal supersymmetric standard models and show that the dark matter constraint can 

almost always be satisfied.
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I. MOTIVATION

T he neu tra lin o  is consid ered  a good  d ark  m atte r can d i ­

da te , o ne  th a t na tu ra lly  y ields the req u ired  re lic  density . 

R ecen tly , how ever, i t  has been  reco g n ized  that, ow ing  to 

the exp erim en ta l constra in ts  and to the in creased  p rec is io n  

in  the d e te rm in a tio n  o f  the d ark  m atte r co n ten t o f  the 

U n iverse , the ag reem en t b etw een  the o bserved  re lic  d en ­

sity, O cd n i/*2 =  0 .113  ±  0 .009  H I 1 and  the re lic  density  

p red ic ted  w ith  standard  co sm o lo g ica l assu m p tio n s, is far 

from  being  a generic  fea tu re  o f  supersym m etric  m odels. In  

fac t, m odels w ith  b ino -like  n eu tra linos tend to o v erp roduce 

them , and spec ia l m ech an ism s such as coann ih ila tio n s  

o r re so n an t ann ih ila tio n s are req u ired  to su ppress the 

re lic  density  dow n to the o bserved  ran g e . In  con trast, 

m odels w ith  H iggsino - o r w in o -lik e  n eu tra linos usually  

give too sm all a re lic  density  and , to co m p en sa te  fo r it, 

la rge  n eu tra lino  m asses ( m x >  1 T eV ) are needed . N o n ­

standard  cosm o lo g ies  and , in  p articu la r, m odels w ith  low  

reh ea tin g  tem peratu res p rov ide  a p lau sib le  so lu tion  to this 

p rob lem . T hese  in c lu d e  m odels w ith  m odu li decay  [31, Q- 

ball decay  [41, and  therm al in fla tion  [51. In  all o f  these 

m odels there is a la te  ep isode o f  en tropy  p ro d u c tio n  and 

non th erm al p ro d u c tio n  o f  the L S P  in  partic le  d ecays is 

possib le .

W e concen tra te  on  co sm o lo g ica l m o d els  in  w hich  the 

early  U n iverse  is d o m inated  by the energy  density  o f  a 

sca la r field  tha t afte r som e tim e d ecays g iv ing  rise  to the 

rad ia tio n  dom in a ted  era. T he decay  o f  the sca la r field  in to  

lig h t degrees o f  freed o m  and their su b seq u en t therm aliza- 

t io n — the reh ea tin g  p ro c ess— leaves the U n iverse  a t a
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tem peratu re  7 ^  k now n  as the reh ea tin g  tem peratu re . If, 

as assum ed  in  the standard  scenario , 7 ^  is la rg e r than the 

n eu tra lin o  freeze -o u t tem peratu re  (T( o m  v/2 0 ) ,  the n eu ­

tra lino  re lic  density  is in sensitive  to its value. B u t, because 

w e have no p h y sica l ev idence  o f  the rad ia tio n  d om inated  

U n iverse  before  b ig bang nucleosy n th esis , T r h  should  be 

consid ered  as a co sm o lo g ica l p a ram eter th a t can  take any 

value above a few  M eV  [6,71.

T he ex istence  o f  a w eak ly  co u p led  sca la r field  that 

d om inates  the U n iverse  d u ring  the p rocess o f  neu tra lino  

p rod u c tio n  and freeze -o u t m ay  affec t the re lic  density  in 

several w ays. I t m odifies the tem pera tu re-sca le  fac to r and 

the tem p era tu re-ex p an sio n  ra te  re la tio n s  [8 - 1 0 1  tha t d e te r ­

m ine  the freeze -o u t cond ition . I t d ilu te s  the neu tra lino  

therm al abundance by in creasin g  the en tropy  o f  the 

U n iv erse  w ith  its decay  in to  rad ia tio n . It m ay  also  increase  

the neu tra lin o  re lic  density  by decay in g  in to  su p ersy m m et ­

ric  partic le s  w hich  in  turn  decay  in to  n eu tra linos. A s a 

re su lt, the n eu tra lino  re lic  density  m ay  lie  above o r below  

its standard  value dep en d in g  on  the reh ea tin g  p aram eters.

S everal papers dea ling  w ith  the n eu tra lino  re lic  density  

in  the p resen ce  o f  a d ecay ing  sca la r field  already  ex is t in  

the lite ra tu re  [3 ,9 -1  81. N one o f these, how ever, p resen ts  a 

sy stem atic  study o f  the com bined  effec t o f  low  reh ea tin g  

tem peratu res and  non th erm al p rod u c tio n , n o r the ir im p li ­

ca tions w ith in  gen era l supersym m etric  m odels. T he sys ­

tem atic study o f  therm al and  n o n th erm al p roduc tion  

m echan ism s w as in tro d u ced  in  R ef. [191. H ere w e study 

the  im p lica tio n s w ith in  the m in im al supersym m etric  s tan ­

dard  m o d el (M S S M ). A fte r rev iew ing  the s tandard  sce ­

nario , the equa tions that desc rib e  the reh ea tin g  p rocess w ill 

be in tro d u ced  and  n u m erica lly  so lved  fo r d iffe ren t sets o f  

param eters . W e w ill e lucida te  the d iffe rences w ith  resp ec t 

to the standard  co m p u ta tio n  and  w ill in vestigate  the effects 

o f  the reh ea tin g  p aram eters  on  the n eu tra lino  re lic  density . 

T hen , w e w ill co m p u te  V tyh 2 in  generic  M S S M  super- 

sy m m etric  m odels fo r d iffe ren t sets o f  the reh ea tin g  p a ­

ram eters . F inally , a b rie f  d iscu ssio n  o f  ou r re su lts  as w ell as 

o u r conc lu sio n s w ill be p resen ted .
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II. THE STANDARD SCENARIO

In the s tandard  scenario , it is assu m ed  that neu tra linos 

are  p ro d u ced  by sca tte ring  from  the therm al p lasm a in a 

rad ia tion  d o m in a ted  U niverse . T he n eu tra lino  relic density  

is then  d e te rm in ed  by the  B o ltzm ann  equa tion  fo r the 

n eu tra lino  nu m b er d ensity  (n) an d  the  law  o f  en tropy  

conservation :

—  =  —3 H n  — (a v ) { n 2 — nL ),  
d t  q

*  -  - 3 H*. 
d t

( 1)

(2)

H ere  t is tim e, s is the en tropy  density , H  is the H ubb le  

p aram eter, n eq is the n eu tra lino  equ ilib rium  nu m b er d en ­

sity, and  {crv) is the  therm ally  ave rag ed  total an n ih ila tion  

cross sec tion  [20]. B oth  the expansion  o f  the  U niverse  and 

the change in num ber d ensity  due to  ann ih ila tio n s and 

inverse ann ih ila tio n s are taken  into  accoun t in E q. (1). It 

is conven ien t to  com bine these  tw o  equa tions in to  a single 

one  fo r Y  =  n / s  and  to u se  x  =  m / T ,  w ith T  the photon  

tem p era tu re , as the indep en d en t variab le  in stead  o f  tim e:

d Y

d x

1 ds  

3 /7  ~dx
(crv) (Y 2 -  Y l ) . (3)

A cco rd in g  to the F ried m an  equa tion , the H ubb le  p aram eter 

is d e te rm in ed  by the  m ass-energy  density  p  as

877

3 I T ,
■P- (4)

w here M P =  1.22 X 1019 G eV  is the P lan ck  m ass. T he 

energy  and  en tropy  d ensities are  re la ted  to the photon  

tem p era tu re  by the equations

P =  ^  g eff( T ) T \  s =  ^  h efr(T )T 3 (5)

w here g elT and  heir are the effec tive deg rees o f  freedom  fo r

the energy  density  and  en tropy  density , respectively . I f  we
1

define the degrees o f  freedom  p aram eter g * as

1 /2
g*

K IT ( ,  , 1 1  d h eIT

g l i f  V 3 «elT3 h e(( d T

then  E q . (3) can be w ritten  in the fo llo w in g  way.

(6)

dY_

d x

45 \ - ^ / 2 g ]J 2m . . .  , , ,
'  ^ - ( o - v ) ( Y 2 ~  Y l ) .  (7)

t t M 2

T his s ing le  equa tion  is then  n u m erica lly  so lved  w ith the 

in itial cond ition  Y  =  Yeq a t x  ^  1 to ob tain  the  p resen t 

n eu tra lino  ab u ndance y0. F rom  it, the neu tra lino  relic 

d ensity  can be com pu ted

P p r
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m x s 0Y0h 2
2 .755 X 108 y 0 m v/G e V , 

Pc P c

( 8)

w here p ° and  s 0 are  the  p resen t critical density  and  en tropy 

density , respectively . In ob ta in in g  the num erical value in 

E q. (8 ) w e u sed  TQ =  2 .726  K fo r  the p resen t b ackground  

rad ia tion  tem p era tu re  and  Ae|T( r 0) =  3.91 co rrespond ing  

to  pho tons and  th ree  species o f  re la tiv istic  neu trinos.

T he num erical so lu tion  o f  E q. (7) show s that at high 

tem peratu res Y  closely  tracks its equ ilib rium  value yeq. In 

fact, the in teraction  rate o f  neu tra linos is s trong  enough  to 

k eep  them  in therm al an d  chem ical equ ilib rium  w ith the 

p lasm a. B ut as the tem p era tu re  decreases, yeq becom es 

ex ponen tia lly  su p p ressed  an d  Y  is no lo n g er ab le  to track  

its equ ilib rium  value. A t the freeze-o u t tem p era tu re  (T f tx), 

w hen the  n eu tra lino  an n ih ila tion  rate becom es o f  the  o rder 

o f  the H ubb le  expansion  rate, n eu tra lino  p roduc tion  b e ­

com es n eg lig ib le  and  the n eu tra lino  ab u ndance per com ov- 

ing vo lum e reaches its final value.

F rom  th is d iscussion  fo llow s that the freeze-o u t te m ­

pera tu re  p lays a p rom inen t ro le  in dete rm in in g  the  neu tra ­

lino relic density . In  the  s tan d ard  cosm olog ical scenario , 

the n eu tra lino  freeze-o u t tem p era tu re  is ab o u t m Y/2 0 .  In 

g eneral, how ever, the freeze-o u t tem p era tu re  d epends not 

on ly  on the m ass and  in teractions o f  the n eu tra lino  but also, 

th rough  the  H ubb le  p aram eter, on the con ten t o f  the 

U niverse.

III. LOW REHEATING TEMPERATURE 

SCENARIOS

I f  the freeze-o u t tem p era tu re  is la rg e r than  the reheating  

tem p era tu re  (T fo >  Tm ) o r equ ivalen tly  if  neu tra linos 

d eco u p led  from  the p lasm a before  the end  o f  the reheating  

process, the  n eu tra lino  relic d ensity  will d iffe r from  its 

s tandard  value. In  that case, the d ynam ics o f  the 

U n iverse  is d esc rib ed  by the  fo llow ing  equations

d p #  =  _  

dt
3Hp<f> - (9)

^  =  “ 3 H n  -  (crv)(n2 -  n 2q) + — T 4, p 4, ( 1 0 ) 
d t  m tj,

* i  =  - 3Hs + L t P ±
d t  T

( 11)

w here m ^ ,  F ^ ,  and  p $ are, respectively , the  m ass, the 

decay  w idth  an d  the energy  d ensity  o f  the sca la r field, 

and  b is the  average  nu m b er o f  neu tra linos p ro d u ced  per 

4> decay. N o tice  that b an d  en ter in to  these  equations 

only  th rough  the  ra tio  b / m ^  an d  not separately . F inally , the 

H ubb le  p aram eter, H ,  receives con trib u tio n s from  the  sca ­

la r field, s tandard  m odel p artic les, and  supersym m etric  

partic les.
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T h ese  equa tions take in to  acco u n t the evolu tion  o f  the 

sca la r field, its con tribu tion  to the en tropy  density , and  its 

possib le  dccay  into supcrsy m m ctric  partic lcs. As cxpcctcd , 

in the lim it p ^  —> 0 they  rcd u cc  to the s tandard  scenario . In 

w riting  them , w c have im plicitly  assum ed  that in itially  the 

4> field inflated the U n iverse  to a state o f  neg lig ib le  en ­

tropy, th a t in cach  4> dccay  an energy  is con tribu ted  to 

the m atter and  rad ia tion  p lasm a, that neu tra linos arc  in 

k inctic  equ ilib rium  (a lthough  no t n cccssarily  in chcm ical 

equ ilib riu m ), and  that the dccay  p roducts rap id ly  rcach  

k inctic  and  chcm ical equ ilib rium . It is fo r the valid ity  o f  

the an n ih ila tion  term  in E q . (10) th a t wc need  to assum e 

that n eu tra linos en te r in to  k inctic  equ ilib rium  before  p ro ­

duction  cc a sc s . 2

In cosm o lo g ies  w ith a decay in g  scalar, therefo re , the 

neu tra lin o  rc lic  density  depends on tw o add itional p aram e ­

ters: b / m 0 , and  In specific m odels desc rib in g  the 

physics o f  the 4> field, these p aram eters m ay be ca lcu lab lc  

(see R ef. [19] and  rc fc rcn ccs  there in ). O u r app ro ach , how ­

ever, will be com plete ly  phcno m cn o lo g ica l. W c will trea t 

b / m ^  and  F ^  as free  p aram eters sub jcct to  the constra in ts  

tha t the  dark  m atter bound  im poses on them . F or convc- 

n icncc  instead  o f  b / m $ wc will som etim es use  the d im cn- 

sion lcss quan tity

V
, / 1 0 0  T e V

T h ia
(13)

as the free p aram eter. C learly , b =  rj fo r m ^  =  100 T eV .

on the o th er hand , is com m only  exp ressed  in term s o f 

the param eter Tr h  — co nven tiona lly  ca llcd  the  reheating  

tem p era tu re— defined  by assum ing  an in stan taneous co n ­

version  o f  the sca la r field energy  density  in to  rad ia tion .

4773 t?elT( r RH) R H

45 M P
(14)

N o te  th a t du ring  the cpoch  in w hich the U n iv erse  is 

d o m in a ted  by the decay in g  4> field, H  is p roportional to 

T 4 [8 ]. W c can d erive  this dcp cn d cn cc  s tarting  from  the 

evo lu tion  equa tion  o f  the en tropy  per com o v in g  vo lum e 

S  =  set3, w hich is E q. (11) m u ltip lied  by a3, nam ely  

d S / d t  =  T ^ p ^ a 3/ T .  D uring  the o scilla tin g  4> dom inated

“There is currently no simple way of incorporating in our 
analysis situations with neutralinos out of kinctic equilibrium. 
However, wc expect our results to remain qualitatively the same 
for the following reason. The assumption of kinctic equilibrium 
affects only solutions which, as can be seen in Fig. 5. interpolate 
in reheating temperature between two correct solutions, namely, 
the standard one (at high reheating temperature, for which 
neutralinos arc initially in kinctic equilibrium) and the neutralino 
production purely through the scalar field dccay (case 3 below, 
for which kinctic equilibrium is irrelevant).

period , p 'pa3 is constan t, thus a 3 *  p ^ 1. U sin g  H  *  

[ p ^ a  w c obtain  a 3 *  r  and  w riting  T  *  t"  w c get 

S =* T 3a 3 '*■ t3,,~2. S ubstitu ting  these exp ressions fo r S  and  

T  as fu nc tions o f  tim e in the evolu tion  equa tion  fo r S, and  

m atch ing  the pow ers o f  ? on both  sides, d e term ines a  =

— (1 /4 ) .  H cncc, du rin g  the o sc illa ting  4> dom in a ted  cpoch  

H  x  r 1 x  T4, and  p $  *  H 2 *  T 8. S incc  H  «  T ^ / M P at 

T  =  7 RH, it fo llow s that H  =* T 4/ ( T ^ M P).

To so lve the system  o f  equa tions (9 )—( 12), besides 77 and  

7 r h  wc have to spccify  the initial cond itio n s fo r p ^ ,  

and  s. G iv ing  the value H ,  o f  the H u b b le  param eter a t the 

beg inn ing  o f  the 4> d o m in a ted  cpoch am oun ts to g iv ing  the 

initial energy  density  p ^ , in the 4> field, o r equ ivalen tly  the 

m axim um  tem p era tu re  o f  the rad ia tion  7 max. Indeed , one 

has H , — p ^ 2/ / M p  — T*rdX/ ( T ^ M P). T he la tte r re la tion  

can be derived  from  p ^  =* T $/ T ^  and  the  considera tion  

that the  m axim um  energy  in the rad ia tion  equa ls the  initial 

(m ax im um ) energy  p ^ A t  the fundam en ta l level the 

initial energy  density  o f  the sca la r field 4> depends on the 

p articu la r m odel desc rib in g  it. In hybrid  m odels o f  infla ­

tion , fo r in stance , p ^  , =* m ^ , w hereas a m uch larger value 

is cxpcctcd  in chao tic  inflation p ^ , =* m ^ M p .  F rom  a 

physical po in t o f  v iew  it is no t su rp rising  that the rc lic  

density  is sensitive to  the initial 4> energy  density , fo r it 

de term ines the  av a ilab le  energy  o f  the U n iverse . I f  p ^  , is 

too  sm all, the U n iverse  can never g e t ho t enough  to 

therm ally  p roducc neu tra linos and  the rc lic  density  is 

typ ically  suppressed . I f  the neu tra lin o  rcachcs chcm ical 

eq u ilib riu m , it is d e a r  that its final density  docs not 

dep en d  o f  the initial con d itio n s. An ap p ro x im ate  cond ition  

fo r reach in g  chcm ical equ ilib rium  is [ 1 0 ] (crv)  S  

10 ^ 9 G e V _ 2 (m A, / 100 G e V )( rRH/ M e V ) - 2. E ven w ithou t 

reach in g  chcm ical eq u ilib riu m , the  neu tra lin o  density  is 

insensitive to the initial co nd itions p rov ided  the m axim um  

tem p era tu re  o f  the rad ia tion  7 niax s  m x  [ 1 0 ], and  wc a l ­

w ays ch o o sc  p f j  such  that this cond ition  is fu lfilled .

R egard ing  the o ther tw o initial con d itio n s, w c assum e 

that a t an arb itra ry  rc fc rcn cc  tem p era tu re  T t the initial 

en tropy  is g iven by E q. (5), and  th a t the neu tra lin o  num ber 

density  is n eg lig ib le , «,• =  0. W c exp licitly  ch cckcd  that 

w hen chcm ical equ ilib rium  is rcachcd , u sing  d iffe ren t 

values fo r T t and  «,• docs no t m odify  the neu tra lin o  rc lic  

density . T hus, ou r re su lts  will all be indep en d en t on the 

initial cond itions.

A t early  tim es, w hen 1T ^  <sc 1 and  the 4> field is o sc il ­

la ting  aro u n d  the m in im um  o f  its p o ten tia l, the sca la r field 

energy  density  per com ov ing  vo lum e p ^ a 3 is essen tia lly  

con stan t and  useful analy tica l re su lts  can be derived  from  

E qs. (9 ) - (1 2 ) .  T he tem p era tu re  and  the sca lc  fac to r arc 

re la ted  by T  *  cC 3̂  w hereas the tem p era tu re  and  the 

ex pansion  ra te  arc  linked  by H  *  7 4, m ark ing  the d ep a r ­

tu re  from  the standard  cosm olog ical sce n a rio — w here T  *  

c r 1 and H  *  T 2. T his is no t the only re lev an t d epartu re , 

though . F rom  a q ualita tive  po in t o f  view , a t least th ree
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im p o rtan t d iffe rences betw een  the standard  co sm ology  and 

the scenario  w ith  a d ecay ing  sca la r field can be identified . 

T hey  are

(i) D uring  freeze -o u t the U n iverse  m ay  no t be d o m i ­

n ated  by rad ia tio n . In itia lly , the energy  density  is 

d o m in a ted  by the sca la r field </> and only  at the end 

o f  the reh ea tin g  p rocess the U n iverse  becom es 

rad ia tio n  dom inated .

(ii) T he en tropy  density  o f  the U n iv erse  is not co n ­

served  but increases  du ring  the reh ea tin g  era  due 

to the sca la r field decay.

(iii) N eu tra lin o s  cou ld  be p roduced  non th erm ally  in </> 

d ecays. T his p rodu c tio n  m ech an ism  cou ld  even  be 

the d o m in an t source o f  neu tra linos.

In  R ef. [191 the so lu tions to E qs. ( 9 ) - ( l  2) w ere ob ta ined  

an a ly tica lly  (as w ell as n u m erica lly ). T here  are fo u r d iffe r ­

en t cases w hich  re su lt fro m  the d iffe ren t w ays in  w hich  the 

d ensity  V tyh 2 d epends on  TRH:

C ase (1), therm al p rodu c tio n  w ithou t ch em ica l eq u ilib ­

r ium . B y therm al p rodu c tio n  we m ean  77 =* 0. In  this case 

& 7 r H. T he re lic  d ensity  w as es tim ated  in  R ef. [91:

f t , W v )

f t , .cdm 10 " ' 16 G eV

/1 0 0  GeV Vs

m x

TRHy / i o y /2 

G e V /  [ g  J  ■

(15)

C ase  (2), therm al p rodu c tio n  w ith  chem ica l equ ilib rium . 

In  this case f t  Y & 7 ^ H. T he n eu tra lino  freezes o u t w hile the 

un iverse  is dom in a ted  by the </> field. Its freeze -o u t density  

is la rg e r than  usual, bu t it is d ilu ted  by en tropy  p roduction  

from  </> decays. T he new  freeze -o u t tem pera tu re  T f ™  is 

d e te rm in ed  by so lv ing  n(crv) =* H  at T  =  T f ™ .  U sin g  the 

re la tio n s  betw een  H , a, and T  in  the decaying-*/) d o m i ­

n ated  U niverse , o ne  finds [8,101

C ase  (4), n o n th erm al p rod u c tio n  w ith  chem ica l eq u ilib ­

rium . In  th is case f t  ^  7 ^ .  A n n ih ila tio n  com pensa tes 

fo r the non th erm al p rodu c tio n  o f  n eu tra linos un til 

the non th erm al p rodu c tio n  ceases at T  =  7 r h - T he co n d i ­

tion  fo r dete rm in in g  the re lic  d ensity  is F ann =* F ^  at 

T  =  7 rh -  T h is leads to  V0 =* 7RH -  F 0 / ( s RH<cru» -  

1 / ( T r h M p{ crv)). F ro m  h ere  it  fo llow s that

f t  v -  ( 7 ’l ' . u . / 7 ,R H ) f t std- (18)

In  R ef. [191, it  w as co nc luded  th a t only  

n eu tra linos w hose standard  re lic  density  is f t std s  

ICT-'XlOO G e V /m Y) can n o t be b ro u g h t to f t cdm, in d ep en ­

den tly  o f  rj, w hile all n eu tra linos w ith  la rg e r ( l std can be 

m ade to acco u n t fo r a ll o f  co ld  dark  m atte r w ith in  these 

scenario s. In  o rd e r to have an id ea  o f  how  m any  neu tra lino  

m odels can n o t be b ro u g h t to have the fu ll d ark  m atter 

density . F ig . 1 show s the ran g e  o f  values o f  f t std fo r a 

few  m illio n  m S U G R A  m odels (w ith  m 0 ^  5 T eV  fo r tech ­

n ica l reaso n s) o b ta in ed  using  the a lgo rithm s d esc rib ed  in 

[211 (da ta  courtesy  o f  Ted B altz). O ne can  see th a t very  few  

o f  them , nam ely , on ly  som e w ith  m x — m z / 2 fo r  w hich  

neu tra linos ann ih ila te  reso n an tly  th ro u g h  a Z  boson , have 

ftstd ~  10 :’(100 G e V /m ^ ) , i.e . are below  the slan ted  

line  in  the figures. U sing  the resu lts  ( 1 Y ~  7 RH and ( 1 Y ~  

7 r h  fo u n d  in cases 2  and 1 , we can  also  estim ate  the 

m ax im u m  standard  re lic  d ensities  tha t can  be b rough t 

w ith in  the observed  range. T hey  read  f t max — 

(TV.u./S M eV ) 4  a  1012(m v/1 0 0  G eV ) 4  fo r case 2 and 

f t  max — (77.U./5 M eV ) 7 =* 102 1 (m v/1 0 0  G eV ) 7 fo r case 1.

In  the fo llow ing  we investigate  q u an tita tive ly  how  the 

reh ea tin g  p rocess m odifies the evo lu tion  o f  the neu tra lino  

abundance d u ring  the reh ea tin g  era. To n u m erica lly  in te ­

g ra te  the equa tions desc rib in g  the reh ea tin g  p rocess, we

f t .
t 3  T  /y ’NEW'v- 

RH f o. \* f.o. > H i std- (16)

O u r nu m erica l re su lts  ind icate  a s lope c lo ser to 7 RH, at 

leas t partia lly  due to the change in  j f ™  (see F ig . 2 below ).

C ase  (3), non th erm al p rod u c tio n  w ithou t chem ica l eq u i ­

lib rium . H ere  f t v ^  T rh - N o n th erm al p ro d u c tio n  is no t 

co m pensa ted  by ann ih ila tion . T he p rodu c tio n  o f  n eu tra li ­

nos is pure ly  non th erm al and the re lic  density  d epends on 

rj. I t can be estim ated  an a ly tica lly  as fo llow s. F o r each  

su p erp artn er p roduced , at leas t one L S P  w ill rem ain  at the 

end o f  a cha in  o f  decays (due to /?-parity  conservation), 

and thus n x -  b n H ere  n $  =  p ^ / m ^ .  A t the tim e o f  

</>-decay p x — n i y b p ^ / m ^  =* 7 RH, and the en tropy  is s =*

Tm -  H ence P<t>/S 
fo llow s that

and Y0  =  7 decay =* bT m / m (fi. It

l ss ( GeV)

f t .

f t , . ,cdm

0  ^  ID3 (  m,Y V  ^ (1  ~!'i * (c° l° r online). Range of values of the standard relic
^VIOO G e V y V M e V / density for mSUGRA models. Only those with a std

T his so lu tion  is en tire ly  in d ep en d en t o f  any assum ption  on 

neu tra lin o  k inetic  equ ilib rium .

10~5(100 G eV /m A ), i.e. those below the slanted line, cannot 

be brought to have the total density of dark matter in low 

reheating temperature scenarios.
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m odified  the D ark S U S Y  [22] code so  that the three eq u a ­

tions (9 )—( 11) are so lved  sim ultaneously . T h e  advan tage  o f  

using  a p ro g ram  like D ark S U S Y  is tw ofold . O n the one 

h an d , it p rov ides an efficien t and p recise  a lg o rith m  to solve 

d iffe ren tia l equa tions like (10). O n the o th er hand , it au to ­

m atica lly  com pu tes  the to tal ann ih ila tion  cross sec tion  

(crv)  in  term s o f  supersym m etric  param eters.

To beg in  ou r ana lysis , le t us co n sid er therm al p rod u c tio n  

only  (77 =  0 ) and  le t us see how  low  reh ea tin g  tem p era ­

tures a ffec t the neu tra lin o  re lic  density. In  F ig . 2 w e p lo t the 

evo lu tion  o f  the neu tra lin o  density  Y  =  n / s  as a func tion  

o f  T  fo r a p a rticu la r cho ice  o f  m S U G R A  p aram eters: 

M i / i  =  m o =  600 G eV , A 0 =  0, tan/3 =  10, and  /x >  0. 

F o r this cho ice , l l sUlh 2 =  3.6, thus w e are exam in ing  the 

case  o f  a sligh tly  overdense  neu tra lino . T he so lid  lines 

show  the eq u ilib riu m  density  and  the neu tra lin o  density  

in  the standard  scenario . T he o th er lines show  the e ffec t o f  

d iffe ren t reh ea tin g  tem peratu res betw een  10 G eV  and 

10 M eV. T he value o f  the freeze -o u t tem peratu re , the 

tem peratu re  at w h ich  the neu tra lin o  ab u ndance departs 

from  equ ilib rium , can  be easily  read  fro m  the figure. 

N o te  also  that the p a ram eter T rh , show n by a sh o rt vertical 

line in each  curve, co incides  w e ll w ith  the ac tua l reheating  

tem peratu re  (a t w h ich  the curve chan g es slope, ind icating  

that the o scilla tin g  <j> d o m inated  era fin ishes and the ra d ia ­

tion d o m inated  era begins). W e are in ou r case (2), therm al 

p ro d u c tio n  w ith  ch em ica l eq u ilib rium , fo r w h ich  1 1  xh 2 «  

T ^ ,  as verified  in  the figure. T he cu rve  fo r T rh  =  10 G eV  

c losely  tracks the standard  one, y ie ld ing  an abundance ju s t  

be low  the standard  p red ic tion . A s w e m ove to sm aller 

reh ea tin g  tem peratu res, the freeze -o u t occurs earlier, a t a

FIG. 2 (color online). The evolution o f the neutralino abun ­

dance for different values of and 7] =  0  (i.e. with only 

thermal production). In this figure we use the mSUGRA parame­

ters M 1/2 =  m0 =  600 GeV, >40 =  0, tan/3 = 1 0 ,  and /j. >  0. 

The neutralino mass is =  246 GeV. The standard relic 

density is i l std/?2 =* 3.6.

tem peratu re  T f ™  >  T f o and  so  the neu tra lin o  abundance 

at freeze -o u t is la rg e r than  in  the s tandard  scenario . B ut, 

b e tw een  T j^ w  and  TRH the neu tra lin o  abundance is d ilu ted  

aw ay by the en tropy  re leased  du ring  the decay  o f  the scalar 

field. In  this reg im e, rep resen ted  by the descen d in g  stra igh t 

lines, Y  «  T -\ Indeed , n xa 3 (w ith  a  the scale fac to r) re ­

m ains co n stan t w hereas  fro m  a  cc 7 1 - 8 / 3 fo llow s th a t s a 3 

decreases  as h en ce  Y  =  n x/ s  «  T -\ B ecause  the en ­

tropy d ilu tion  e ffec t is dom inan t, the neu tra lin o  re lic  ab u n ­

dance ends below  the s tandard  p red ic tio n  and  the sm aller 

the reh ea tin g  tem peratu re , the sm alle r the re lic  density. 

T hus, i f  n eu tra linos are p ro d u ced  therm ally , a low  reh ea t ­

ing  tem peratu re  en tails  a su ppression  o f  the re lic  density  

w ith  re sp ec t to its standard  value.

N o n th erm al p rod u c tio n  o f  neu tra linos, how ever, can 

co m pensa te  fo r  such  suppression . In  F ig . 3, w e show  the 

evo lu tion  o f  the neu tra lin o  abundance fo r  TRH =  1 G eV  

and  d iffe ren t values o f  rj. T he d ep endence o f  Y  on  the 

tem peratu re  b etw een  T l o and  is now  d iffe ren t due to 

the p ro d u c tio n  o f  n eu tra linos in  the <f> decay. A s w e go 

fro m  0  to la rg e r values o f  rj, the neu tra lin o  abundance 

increases and  a t 77 ^  1 0 — it beco m es la rg e r than  the 

standard  p red ic tion . W e are in o u r case (3), n on therm al 

p ro d u c tio n  w ith o u t ch em ica l eq u ilib rium , in  w h ich  p ro ­

duction  is n o t co m p en sa ted  by an n ih ila tion . In  E q. ( 17) w e 

see that fo r fixed T r h  the final re lic  abundance increases 

w ith  rj, i l x °c rj. S etting  11 =  l l cdm, w e find the critica l 

value o f  rj above w h ich  the re lic  abundance is la rg e r than 

its standard  value. R ep lac in g  T rh  =  1 G eV , m x =  

246  G eV  and l l cd m / ! 2 =  0 .11 , w e find that 11 xh 2 becom es 

la rg e r than  l l sUi/ ! 2 -  3 .6  fo r  the critica l value rjc ^  0 .7  X 

10- -\ F o r la rg e r values o f  rj, the density  o f  n eu tra linos is 

large eno u g h  fo r an n ih ila tions to becom e im portan t. W e 

are then  in  o u r case (4), non th erm al p ro d u c tio n  w ith

FIG. 3 (color online). The evolution o f the neutralino abun ­

dance for F rh  =  1 GeV and several values of 77. Minimal 

SUGRA parameters as in Fig. 2.
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ch em ica l equ ilib rium , and  E q . (18) g ives the final ab u n ­

dance, E q u a tin g  E qs. (17) and (18) gives the value o f  r/ at 

the crossover, w h ich  is

Vc 2.5
a / M c v y

^ c d m  A  T r H  /

(19)

T his c ro sso v er value o f  r/ is ab o u t 0.8 X 1CT4 fo r the 

exam ple  w e are consid erin g . T hus the curve w ith  r/ =  

1CT2 in  F ig . 3 co rresp o n d s to case (4). F o r large values 

o f  r/, the n o n th erm al p ro d u c tio n  o f  n eu tra linos is effic ien t 

and  Y  & t jT  fo r T  >  7 RH (as fo llow s from  N x =  n x a 3 & 

r/t oc r /T~4). F or r/ =  1CT2, fo r in stance , the re lic  density  

is m ore than  2  o rders o f  m agn itude la rg e r than  the standard  

one. H ence, i f  n eu tra linos are p ro d u ced  n o n th erm ally  a low  

reh ea tin g  tem peratu re  can  y ie ld  a re lic  d ensity  below  or 

above the s tandard  resu lt, d epend ing  on  the values o f  T rh  

and  r/.

W h a t can  be constra in ed  w ith  the o b servations today, 

how ever, is no t the ev o lu tion  o f  the neu tra lin o  abundance 

bu t ju s t  its asym pto tic  v a lu e— the neu tra lin o  re lic  density. 

In  F ig . 4 w e show  i \ x hr  as a fun c tio n  o f  r/ fo r d iffe ren t 

values o f  7 RH. In  the figure, 7>.a  =  12 G eV . F or 7 RH =  

50  G eV  (so lid  line), the re lic  den sity  is in d ep en d en t o f  b 

and  eq u a l to its s tandard  value in d ica tin g  that the freeze- 

o u t took  p lace  after the reh ea tin g  era, in  a rad ia tio n  d o m i ­

n a ted  U niverse , F o r sm alle r values o f  T r h - how ever, O x h 2 

does depend  on  r/. T h is is the reg im e o f  case (3), E q . (17), 

in  w h ich  n o n th erm al p rodu c tio n  is n o t co m p en sa ted  by 

an n ih ila tion . As m en tioned  above, se tting  O  v =  O cdm in  

E q . ( 17) o n e  finds fo r each  value o f  7 RH the c ritica l value o f  

r/ above w h ich  the re lic  ab u n d an ce  is la rg e r than  its s tan ­

dard  value. F o r the particu la r m odel in  the figure this value 

is 7]c 0 .7  X  10 - 2  (M c V /T rh ) .  E q u atio n  (19) g ives the 

cro sso v er value r/c~ 0 0.8  X 102 (M c V /7 R H ) 2 at w h ich  

an n ih ila tio n  becom es im portan t, and fo r la rg e r values o f  r/

the re lic  density  is g iven  by E q . (18) [case (4)].  N o tice  that 

Vc -  Vc—o fo r =  10 G eV .

It is c lea r fro m  F ig . 4 that the re lic  density  is below  the 

s tandard  re su lt fo r sm all r j, it increases  w ith  r/ and  a t a 

ce rta in  poin t, r/ =  r/c, co incides w ith  the s tandard  one; for 

7] >  7]c, the re lic  den sity  is la rg e r than  in  the u sual co s ­

m ology. T he value o f  Tfc. is inverse ly  p ro p o rtio n a l to 7 RH at 

low  reh ea tin g  tem peratu res, T rh  ^  1 G eV  in  the figure. In  

this reg im e , the re lic  d ensity  becom es a s tra ig h t lin e  s ig n a l ­

ing  d o m in an t n o n th erm al p rod u c tio n  o f  neu tra lin o s w ith ­

o u t chem ica l eq u ilib riu m  [case 3, E q . (17), i l x h 2 & r/].

In  F ig . 5, the re lic  den sity  is show n  as a fun c tio n  o f  T rh  

fo r d iffe ren t values o f  tj. T his figure is s im ila r to F ig . 1 o f  

R ef. [191. W e observe  th a t a t sm all 7 RH, TRH <  1 G eV  in  

the figure, the re lic  d ensity  is p ro p o rtio n a l to T rh - T his is 

the reg im e o f  n o n th erm al p rodu c tio n  w ith o u t chem ica l 

eq u ilib rium , in  w h ich  0  v h 1 ^  t/T r h  [case (3), E q . (17)1. 

As TRH increases  above 1 G eV  there are in  the figure som e 

d escend ing  and  som e ascend ing  curves. T he d escend ing  

curves co rresp o n d  to n o n th e rm a l p ro d u c tio n  w ith  chem ica l 

eq u ilib rium , in  w h ich  i \ xhr & 1 /7 RH [case (4), E q. (18)1. 

T he ascend ing  cu rves co rresp o n d  to therm al p rodu c tio n  

w ith  ch em ica l eq u ilib riu m , w here  O  xh 2 & 7 4H [case (2 ), 

E q . (16)1. A t 7 r h  >  T (o ^  12 G eV  in  the figure, i l x h 2 is 

in d ep en d en t o f  r/ and 7 r h - and  eq u a l to its s tandard  value. 

As a g en era l conc lusion , dep en d in g  on  the particu la r 

cho ices fo r T rh  and  7], the re lic  d ensity  m ay  be la rg e r or 

sm alle r than  its s tandard  value.

T h ough  specific  values fo r the supersym m etric  p aram e ­

ters w ere  ch o sen  in  F igs. 4 and  5, they  ac tua lly  rep resen t a 

generic  situ a tio n  w hen ev er O std is sm all eno u g h  fo r ch em i ­

c a l eq u ilib riu m  to be reach ed  a t h ig h  T rh - T aking  d iffe ren t 

po in ts in  the param eter space is equ iv a len t to  rig id ly  tran s ­

la tin g  the figures w ith o u t a ltering  their shapes.

= 50 GeV 

= 10 GeV 

= 5 GeV 

= 1 GeV 

= 100 Me V 

= lOMeV

FIG. 4 (color online). The neutralino relic density as a function 

o f 17 for several values o f 7 ^ .  M inimal SUGRA parameters as 

in Fie. 2.

FIG. 5 (color online). The neutralino relic density as a function 

o f Trh for different values of rj. M inimal SUGRA parameters as 

in Fie. 2 .
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FIG. 6 (color online). Regions in the plane (rRH, 77) com pat­

ible with the W M AP range for two different supersymmetric 

spectra. The solid region corresponds to m0 = M ]/2 =  

400 GeV, tan/3 =  10, A0 =  0, and f i  >  0, parameters which 

yield =  1.8 and m K =  160 GeV. The hatched region

corresponds to m0 =  600 GeV, M l /2  =  800 GeV, A0 =  0, 

tan/3 =  45, and f i  <  0, parameters which yield =  0.02 

and =  333 GeV.

A no ther w ay  o f  v isu a liz in g  the  effects o f  T rh  an d  77 on 

the relic d ensity  is by  s tudy ing  the reg ions com patib le  w ith  

the W M A P  range, i l C{imh 2 =  0 .0 9 -0 .1 3 . In  F ig . 6  w e show  

such  reg ions in the  p lane (T rh , 77) fo r tw o  d iffe ren t sets o f  

m S U G R A  p aram eters. N e ith e r m odel is v iab le  in the  s tan ­

d a rd  cosm olog ical scenario  b ecause  one o v erp roduces dark  

m atter (so lid  reg ion , co rresp o n d in g  to O std / / 2 =  1 . 8 , m x =  

160 G eV ) an d  the o th er un d erp ro d u ces it (h a tch ed  reg ion , 

co rresp o n d in g  to O stdh 2 =  0 .02 , m x =  333 G eV ). B ut, as 

th is figure illu stra tes, in cosm olog ies w ith  low  reheating  

tem p era tu res  the  neu tra linos in both  m odels can easily  

acco u n t fo r the dark  m atter con ten t o f  the U niverse. 

N o tice  that the first m odel requ ires a reheating  tem p era tu re  

below  4 GeV. T his is the value o f  T rh  above w hich  therm al 

p roduction  dom inates an d  the re lic  d ensity  becom es in d e ­

p enden t o f  77 and  proportional to 7 ^  [co rrespond ing  to 

o u r case (2 )] until T rh  reaches the s tan d ard  freeze- 

ou t tem p era tu re  7y o =* m x/ 20 =* 8  G eV , at w hich  point 

the d ensity  becom es the s tandard  relic density . T hus 

here (0 .1 1 / O std/ r ) 1/ 4 7Ya  =* T f tJ 2 =* 4  G eV . T he second  

m odel dem ands a value o f  77 above 10- 7 . It is a lso  ev iden t 

fro m  the figure that in m odels w hich  w o u ld  be u n derabun- 

dan t in the  s tan d ard  cosm ology , fo r each  value o f  77 there 

m ay  be up to tw o d iffe ren t reheating  tem p era tu res  that give 

the co rrec t relic density . In fac t, in R ef. [19] it w as 

show n th a t fo r n eu tra linos w ith  s tan d ard  d ensities O cdm s  

O std s  10_5(100  G c V /m v), there  is no  so lu tion  fo r 

77 :S 10_7(100  G c V /m v)2 ( f l cdm/ { l std), there  are  tw o  so ­

lu tions fo r 10_7(100 G c V /m v)2 ( f l cdm/ { l std) s  <  

10 _4(1 00 G c V /m v), an d  there  is a s ing le  so lu tion  for 

larger values o f  77.

IV. THE NEUTRALINO RELIC DENSITY IN 

SUPERSYMMETRIC MODELS

In the  M S S M , n eu tra linos are  linear com b in a tio n s o f  the 

fe rm ion ic  partners o f  the neutral e lec tro w eak  bosons, 

ca lled  b ino  (B °) an d  w ino  ( VV®), an d  o f  the  fe rm ion ic  

partners o f  the neutral H iggs bosons, ca lled  H iggsinos 

(H% H®). W e assum e that the ligh test n eu tra lino , x> >s 

the d ark  m atter cand ida te . Its co m position  can be p aram e ­

tr ized  as

X  =  N US °  + N U W° + N n H°d + N UH°„ (20)

B ecau se  the  neu tra lin o  in teractions are  d e te rm in ed  by  its 

gau g e  con ten t, it is useful to d istingu ish  betw een  b ino -like , 

w in o -lik e , an d  H iggsino -like  n eu tra linos acco rd ing  to the 

dom in an t te rm  in (2 0 ).

B ino -lik e  n eu tra linos ann ih ila te  m ain ly  in to fe rm ion- 

an tife rm ion  pairs th rough  sferm ion  exchange. S uch  an n i ­

h ilation  c ross-section  is he lic ity  su p p ressed  an d  gives rise 

to a s tandard  relic d ensity  that is u sually  larger than  o b ­

served . A greem en t w ith  the o b serv ed  dark  m atter ab u n ­

dance can still be ach iev ed  in s tan d ard  cosm olog ical 

scenario s bu t on ly  in res tric ted  reg ions o f  the p aram eter 

space  w here  special m echan ism s such  as coann ih ila tio n s or 

resonan t ann ih ila tio n s  help  reduce  the relic density . B ino- 

like n eu tra linos are  a generic  p red ic tion  o f  m in im al su p er ­

g rav ity  m odels.

W in o -lik e  and  H iggsino -like  n eu tra linos, on the o ther 

hand , ann ih ila te  m ostly  in to gauge bosons ( W + W ~,  Z Z , if  

k in em atica lly  a llow ed) th rough  neu tra lin o  or charg ino  

exchange; o th erw ise  they  ann ih ila te  in to  ferm ions. 

T h rough  coann ih ila tions w ith  neu tra linos an d  charg inos 

o f  sim ila r m ass, th e ir  s tan d ard  relic den sity  is ra ther sm all. 

N eu tra lin o  m asses as large as 1 T eV  fo r H iggsinos o r 2 T eV  

fo r w inos are req u ired  to b ring  th e ir  therm al den sity  w ith in  

the o b serv ed  range as can be seen in F ig . 7 (see below ). 

W in o -lik e  (show n in brow n in F ig . 7) an d  H iggsino -like  

(show n in che rry  in F ig . 7) n eu tra linos can be o b ta in ed  in 

m odels w ith  nonuniversa l gaug in o  m asses; A M SB  m odels, 

fo r in stance , fea tu re  a w in o -lik e  neu tra lino .

S ince  it is o u r a im  to study  the effect o f  a d ecay ing  sca la r 

on the n eu tra lino  relic density  w ith in  supersym m etric  

m odels, w e m ust co n sid e r m odels generic  enough  to  allow  

fo r b ino -like , w in o -lik e , an d  H iggsino -like  n eu tra linos. To 

that end , w e w ill exam ine M S S M  m odels defined  in term s 

o f  the  param eter set M 3, M 2, M \ ,  mA, /x, tan/3, m 0, A t, and  

A b. H ere M , are the th ree  gaug in o  m asses, m A is the m ass 

o f  the p seu d o sca la r H iggs boson , an d  tan/3 deno tes the 

ra tio  v 2/ v x. T h e  soft b reak ing  sca la r m asses are defined  

th rough  the sim p lify in g  ansa tz  M q  =  M v  =  M n  =  M E =  

M ,  =  m 0 w hereas  the trilin ear coup lings are given by 

A l/ =  diag(0, 0, A t), A n  =  diag(0, 0, A b), an d  A ,? =  0. All 

these  p aram eters are defined  at the w e ak  scale . Specific 

rea liza tions o f  su p ersy m m etry  b reak ing  such  as m S U G R A , 

m A M S B  or sp lit-S U S Y a re  sim ila r to — though  not n ec es ­

sarily  co in c id e  w ith — p articu la r exam ples o f  these  m odels.
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FIG. 7 (color online). Scatter plot o f the neutralino relic den ­

sity as a function of the neutralino mass in the standard scenario. 

Wino-like. Higgsino-like and bino-like neutralinos are shown in 

brown, cherry and dark green, respectively.

W c p erfo rm  a random  scan o f  such p a ram eter spacc 

w ith in  the fo llow ing  ranges

10 G eV  <  M h m A, /x <  50 TeV , (21)

10 G eV  <  m 0 <  200 TeV , (22)

— 3m 0 <  A„ A b <  3m 0, (23)

1 <  tan/3 <  60. (24)

A  lo garithm ic  d is tribu tion  w as u sed  fo r M h m A, fjL an d  m 0, 

and  a lin ear one fo r A,, A b, and  tan/3; the sign o f  fjL w as 

random ly  choscn . A cce le ra to r constra in ts  (as co n ta in ed  in 

D ark S U S Y  version  4.1 [22]) w ere  im posed  on these  m o d ­

els. F o r cach  v iab le  m odel g en e ra ted  in this w ay, w c 

co m p u te  the n eu tra lino  rclic density  fo r d iffe ren t values 

o f  the  reheating  p aram eters  rj an d  J r h  (w c co m p u ted  1700 

m odels fo r cach  p a ir o f  values o f  these  tw o p aram eters  and  

cach  m odel is a p o in t in the sca ttc r-p lo ts). In  this scction 

w c p resen t and  ana lyze  such resu lts.

W c start by show ing  in F ig . 7 the rclic d ensity  as a 

func tion  o f  the n eu tra lino  m ass in the s tandard  co sm o lo g i ­

cal scen ario . 3 T he horizonta l ban d  ind icates the W M A P  

range. F rom  th is figure w c can easily  tell the  d iffe ren t k inds 

o f  neu tra linos: the rclic d ensity  o f  w in o -lik c  (show n in 

brow n) and  H ig g sin o -lik e  (show n in ch crry ) neu tra linos 

is d e te rm in ed  essen tia lly  by the  n eu tra lino  m ass bccausc  

th e ir an n ih ila tion  cross scction  is in sensitive  to the sfcr- 

m ion and  H iggs sccto rs. C onsequen tly , m odels featu ring

3The differences between Figs. 1 and 7 are due to the different 
supersymmetric models considered, the contrasting number of 
models studied, and the diverse sampling methods used.

these  neu tra lin o s arc  d is trib u ted  a lo n g  stra igh t lines and  arc 

c lcarly  iden tifiab le  in the figure. T h e  line co rresp o n d in g  to 

w in o -lik c  n eu tra linos c rosscs the W M A P  interval a t m x ^

2 T eV , w hereas th a t co rresp o n d in g  to H ig g sin o -lik e  ncu- 

tra linos docs it at m x ^  1 T eV , b ccausc  w inos ann ih ila te  

m ore effic ien tly  than H iggsinos. S incc the b ino  an n ih ila ­

tion cross scction  d epends on the sfcrm ion  spcc trum , the 

rc lic density  in m odels w ith  b ino -likc  n eu tra linos can vary 

over a large range even fo r a g iven  n eu tra lino  m ass. A s 

seen in the figure, b in o -lik c  n eu tra linos (show n in dark  

g reen ) typ ically  y ield  too large  a rclic density  in the 

s tandard  cosm olog ical scenario .

L e t us now  co n sid er m odels w ith  a d ecay ing  scalar. A  

sca tte r p lo t o f  the rclic density  as a func tion  o f  the n eu ­

tra lino  m ass fo r r/ =  0  an d  d iffe ren t values o f  7 ^  is show n 

in F ig . 8 . T he suppression  o f  the rclic d ensity  d ue  to sm all 

reheating  tem p era tu res  is ev id en t in this figure. F o r =  

10 G eV , this c ffcc t is n o ticcab lc  fo r large neu tra lino  

m asses: the w ino  and  H iggsino  lines bend  d o w n w ard  elose 

to  m x ^  300 G eV , and  heavy b inos arc  b rough t e lo se r to 

the W M A P  range. F o r J RH =  1 G eV  the  suppression  is 

la rg e r an d  only  ligh t b inos ( m x <  200  G eV ) g ive a rclic 

density  co m p atib le  w ith  the observations. I f  7 ^  <  

100 M eV  the  n eu tra lino  rclic density  is too sm all to ac ­

co u n t fo r the dark  m atter o f  the U niverse.

In genera l, how ever, low  reheating  tem peratu res can be 

acco m p an icd  by non therm al p roduction  o f  neu tra linos, 

m od ify ing  the p rev ious resu lts. In F ig . 9 w c show  the rclic 

density  fo r r/ =  1 0 - 6  and  d iffe ren t reheating  tem peratu res. 

T h e  stra igh t bands w ith  a linear d cp cn d cn cc  on m x show n 

in th is and  su b seq u en t figures co rresponds to o u r ease  (3) 

so lu tions, non therm al p rod u c tio n  w ith o u t chcm ical eq u i ­

lib rium , g iven in E q. (17). F o r J RH =  10 M eV  neu tra lino
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N eutra lino m ass (GeV)

FIG. 8  (color online). Scatter plots o f the relic density as a 

function of the neutralino mass for rj =  0  and different values of 

Trh (shown with different colors) for the same supersymmetric 

models of Fig. 7.
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N eutra lino m ass (G eV )

FIG. 9 (color online). As Fig. 8  but for 77 =  1(T6.

p rod u c tio n  is en tire ly  non th erm al w ith o u t chem ica l eq u i ­

l ib riu m  and  consequen tly  the re lic  density  is p roportional 

to the neu tra lin o  m ass [Eq. (17)1. O b ta in ing  the co rrec t 

re lic  density  requ ires  a neu tra lin o  m ass o f  ab o u t 4 TeV. I f  

T rh  =  100 M eV  therm al effects are re lev an t only  fo r lig h t 

w inos (m x  <  200  G eV , fo r w hich  Tf o ^  10 G eV  <  T r^ ) ;  

heavy  w inos as w ell as b inos and  H igg sin o s are  p roduced  

non therm ally . T h e  neu tra lin o  re lic  density  lies w ith in  the 

W M A P  range only  fo r  m x  =* 4 0 0  G eV . F o r T rh  =  1 G eV , 

lig h t (m x <  1 T eV ) b inos, w inos and  H igg sin o s becom e 

c learly  d is tingu ishab le . T he co rrec t re lic  abundance can  be 

ob ta in ed  a t m x <  100 G eV  fo r b inos, m x  =  250  G eV  fo r 

H iggsinos, and  m x  =  4 5 0  G eV  fo r w inos. I f  m x  >  1 T eV  

neu tra lin o s are p roduced  n o n therm ally  and  h ave a relic 

abundance w ell above the W M A P  range. F inally , i f  T rh  =  

10 G eV  a tta in ing  the o bserved  dark  m a tte r density  requ ires 

m x  <  300  G eV  fo r b inos, m x  ^  500  G eV  fo r H iggsinos, 

and  m x  =  800 G eV  fo r w inos.

W e w ill now  lo o k  a t the e ffec t o f  d iffe ren t values o f  77 fo r 

a g iven  1 ^ .  In  F ig . 10 w e show  the re lic  density  as a 

fu n c tio n  o f  the neu tra lin o  m ass fo r T r h  =  100 M eV  and 

several values o f  77. F o r 77 =  0, the re lic  density  is su p ­

p ressed  ly in g  w ell below  the W M A P  range. F o r 77 =  10 - 9 , 

the W M A P  density  can  be ach ieved  o u tside  the m ass range 

exp lo red  num erica lly  along  the ex trap o la tio n  o f  the slan ted  

s tra ig h t line to h ig h er m asses; the cro ssin g  occurs a t m x  =  

5 X  10s G eV , as fo llow s using  E q. (17). W ith  77 =  1 0 ^ 6, 

the co rrec t re lic  abundance can  be ach ieved  only  fo r  n eu ­

tralino  m asses be tw een  300 and  400  GeV. W ith  77 >  10 - 3 , 

only  a w ino -like  neu tra lin o  w ith  m x  =  1 0 0 -2 0 0  G eV  can 

acco u n t fo r the dark  m atter. F igu re  11 is as F ig . 10 bu t w ith 

T rh  =  10 M eV . F o r such  a sm all reh ea tin g  tem peratu re , 

the therm al p roduction  o f  n eu tra linos is neg lig ib le . T he 

d isp ersio n  o f  po in ts d iscern ib le  in  this figure fo r 77 =  1 / 2  

(and  fo r 77 =  1 0 - 3 ) are due to the ann ih ila tion  o f  neu tra-
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FIG. 10 (color online). Scatter plots of the relic density as a 

function of the neutralino mass for r KH =  1 GeV and different 

values of 77 (shown with different colors) for the same super- 

symmetric models of Fig. 7.

linos p roduced  in  the decay  o f  the (/> field. T h ese  points 

co rresp o n d  to non th erm al p rodu c tio n  w ith  chem ica l eq u i ­

lib rium , o u r case (4), E q . (18). It is still possib le  to ach ieve 

the o bserved  re lic  density  fo r 77 b e tw een  10-6 and  10-3 .

To sum m arize  g raph ically  the effec ts o f  T rh  and  77 on  

the re lic  density  in  generic  supersym m etric  m odels, we 

p resen t in  F ig . 12 an  array  o f  sca tte r p lo ts o f  the relic 

d ensity  fo r d iffe ren t reh ea tin g  param eters. T he su p ersy m ­

m etric  m odels and  co lo r code are the sam e o f  F ig . 7, i.e. 

w ino-like, H ig g sin o -lik e  and  b ino -like  n eu tra linos are 

show n in  brow n, cherry  and  dark  g reen , respectively . 

E ach  panel in c lu d es the sam e su p ersym m etric  m odels 

and  so the d iffe rences in  the re lic  d ensities are en tire ly

' l „ H=10 M eV

FIG. 11 (color online). As Fig. 10 but for r RH =  10 MeV.
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Tr h =10GcV Tr h =1 GcV Tr h =100McV Tr h =10McV

^ 3 4 ^ 3 4 ^ 3 4 ^ 3 4
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Neutralino M ass (GcV) Neutralino M ass (GeV) Neutralino M ass (GeV) Neutralino M ass (GeV)

FIG. 12 (color online). Scatter plots o f the rclic density for different values of and r). Same supersymmetric models and color 

code of Fig. 7 (wino-likc, Higgsino-like and bino-likc neutralinos arc shown in brown, cherry and dark green, respectively).

due  to the effec ts o f  rj  and 7 r h -  T he reh ea tin g  tem peratu re  

is co n stan t along  co lum ns w h ile  r/ is co n stan t along  row s. 

S everal co nc lusions can  be d raw n  fro m  this figure. T he 

fo u rth  row  (r/ =  1 CT3) tells us that, i f  r/ =  1 CT3 b ino-like 

neu tra lin o s (dark  g reen  po in ts) are d isfavo red  due to their 

large re lic  density , and the d ark  m atter is m ost easily  

exp la ined  w ith  w ino  o r H iggsino -like  neu tra linos. F rom  

the last co lum n  ( T j^  =  10 M eV ), w e observe  that if  

T rh  =  10 M eV , t] shou ld  be betw een  10 - 6  and 10 - 3  in  

o rd e r to g ive the co rrec t re lic  density . T he crucial o b se r ­

vation , how ever, is th a t by v ary ing  r/ and  w e can  m ove 

all the po in ts  above ( T j^  =  1 0 , r/ =  1 / 2 ) o r  below  (T j^  =  

100 M eV , t] =  10- 9 ) the W M A P  range. F o r a lm o st all 

supersym m etric  m odels, there fo re , it is possib le  to find 

values o f  r/ and  TRH that g ive the observ ed  value o f  the 

re lic  density . In  o th er w ords, by choosing  r/ and T r h  

approp ria te ly  the d ark  m atter bound  m ay  usually  be 

satisfied.

A  q uestion  w e have n o t d irec tly  add ressed  so fa r is w hat 

the param eter space com patib le  w ith  the W M A P  dark

m atter ran g e  is. G iven  the co m plex ity  o f  the p aram eter 

space  invo lved  (10 su p ersym m etric  p aram eters  p lus TRH 

and  b), it is no t possib le  to an sw er this q uestion  in  all its 

generality . W h a t w e can  do  is fix som e p aram eters and  see 

i f  there are constra in ts  on  any o thers. In  F ig . 13, w e show  

the value  o f  r/ req u ired  to ob ta in  0 .09  <  &,x h 2 <  0 .13  as a 

fu n c tio n  o f  the neu tra lin o  m ass, fo r th ree d iffe ren t values 

o f  the reh ea tin g  tem peratu re , TRH =  1 G eV , 100 M eV, 

10 M eV. A gain  here the s tra ig h t bands proportional to 

m x l are due to non therm al p ro d u c tio n  o f  neu tra lin o s w ith ­

o u t chem ical eq u ilib riu m  [our case (3), E q. (17)]. F or 

T rh  = 1 0  M eV , m ost n eu tra linos are  p roduced  non ther- 

m ally  and the re lic  d ensity  is proportional to r/ [Eq. (17)]. 

H eavy  n eu tra linos (m x  >  1 T eV ) req u ire  r/ <  4  X 10 - 6  

w hereas the ligh test n eu tra linos d em and  r/ =* 10- 4 . F rom  

this band in c lu d in g  m ost m odels, a sm all b ranch  o f  w ino- 

like n eu tra linos dev ia tes (at m x  =* 100 G eV , r/ =* 

4  X 10- : ’) and reach es values o f  r/ as large as 10- 2 . 

T hese  m odels have a very  sm all standard  re lic  density  

and  reach  the req u ired  d ark  m atter d ensity  ran g e  th rough
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F IG . 13 (co lo r o n line ), rj as a fu n c tio n  o f  the  n eu tra lin o  m ass 

fo r m o d e ls  co m p atib le  w ith  the W M A P  d ark  m a tte r ab u n d an ce  

ran g e , fo r several T rh  v alues (show n in d iffe ren t co lors).

the so lu tions o f  o u r case (4), E q . (18), non therm al p ro d u c ­

tion w ith chem ical equ ilib rium , w hich requ ire  large values 

o f  rj. F o r T rh  =  100 M eV , the figure is s im ila r w ith the 

w ino dev ia tion  occu rring  at la rg e r m asses (m x  =  

250  G eV ) an d  77 ex tend ing  up  to  10- 3 . F o r T rh  =  

1 G eV , on the  o th er hand , tw o  d iffe ren t b ranches co rre ­

sp ond ing  to  w inos and  H iggsinos can be d istingu ished . 

M oreover, som e p o in ts  ly ing below  the non therm al p ro ­

duction  band  are a lso  presen t.

V. CONCLUSIONS

In cosm olog ies w ith a d ecay ing  sca la r field, the  dark  

m atte r bound  on supersym m etric  m odels can a lm ost a l ­

w ays be satisfied . In  fact, by ad justing  T rh  and  77 the relic 

d ensity  can alw ays be b rou g h t in to  the o bserved  range 

excep t fo r neu tra linos w ith f i std :S 10 —''( 100 G cV / m x ).

M o d els  that in the s tandard  cosm olog ical scenario  have 

a re lic  density  above the W M A P  range, as is g enerica lly  

the case fo r b ino -like  n eu tra linos, can be rescu ed  by d e ­

c reasin g  the reheating  tem p era tu re  o f  the  U niverse (e ither 

ju s t  su ppressing  the  therm al p ro d u c tio n , if  Tm  is below  but 

c lo se  to  the s tandard  freeze-o u t tem p era tu re , o r p rod u c in g  

them  non therm ally  w ith a nonun ique com bination  o f  T rh  

an d  77 fo r low er T rh  values). M o d els  th a t in the standard  

scen ario  have a relic density  below  the W M A P  range, as 

fo r H ig g sin o - and  w ino-like  n eu tra linos, can be saved  w ith 

an app ro p ria te  and  nonun ique com bination  o f  Tm  and  77.

F o r dark  m atte r d etec tion  p u rp o ses, the ideal n eu tra ­

l in o —  i.e. one th a t accoun ts fo r all o f  the d ark  m atter 

co n ten t o f  the U niverse , has a re la tive ly  sm all m ass, so 

th a t its nu m b er d ensity  is large , an d  has large in teraction  

an d  an n ih ila tion  cross sec tio n s— is an oddity  w ithin  the 

s tandard  co sm olog ical scenario . A ligh t n eu tra lino  w ith a 

large in teraction  cross sec tion  typ ically  y ields a re lic  d en ­

sity  sm alle r than  the d ark  m atte r density . T hus, w ithin  the 

s tandard  cosm olog ical scenario , we are esen tia lly  led  to

tw o possib ilities : a ligh t n eu tra lino  w ith a sm all an n ih ila ­

tion cross sec tion , such as a b ino -like  neu tra lino ; o r a heavy 

n eu tra lino  (m x  >  1 T eV ) w ith a large an n ih ila tion  cross 

sec tion , such as a H iggsino  o r w ino -like  neu tra lino . I f  

neu tra linos are p ro d u ced  non therm ally , as is p o ssib le  in 

low  reheating  tem p era tu re  scenario s, the n eu tra lino  relic 

density  is d e te rm in ed  by the p hysics at the high scale , 

w hich de te rm in es T rh  and  77, an d  not by the an n ih ila tion  

cross sec tion . T h erefo re , by ad justing  T rh  and  77, it b e ­

com es p ossib le  fo r a ligh t neu tra lin o  w ith a large a n n i h i ­

la tion  cross section  to  acco u n t en tire ly  fo r the d ark  m atter 

o f  the  U niverse. U ltrah eav y  neu tra linos, in the T eV  m ass 

range, becom e g o o d  dark  m atter cand ida tes  too.

F o r exam ple , the  usual narrow  co rrid o rs  in m Q, M y 2 

space  o f  g ood  dark  m atte r n eu tra lino  cand id a tes  in 

m S U G R A  m odels are rep laced  by o th er narrow  co rrido rs, 

w hich , how ever, dep en d  on the p hysics at the  high scale 

th a t de te rm in es T rh  and  77 =  b / m T he m 0, M ] /2 p lane 

fo r a m S U G R A  m odel w ith A 0 =  0, tan/3 =  10 and  j i  >  0 

is show n in F ig . 14. T he gray  (g reen) area is fo rb idden  by 

experim en ta l bound. T he a lm o st vertical lines in the figure 

show  w here n eu tra linos have Clcdmh 2 =  0. 11, the central 

value o f  the range im posed  by W M A P  bounds, fo r T rh  —

1 G eV  and  d iffe ren t values o f  77. W e see that in all p o in ts  in 

the  m Q, M ] /2 space in F ig . 14 neu tra linos can acco u n t fo r 

all o f  the co ld  dark  m atter, w ith  ap p ro p ria te  values o f  T rh  

an d  77. In o th er w ords, in low  reheating  tem p era tu re  sce ­

narios w ith a d ecay ing  sca la r field , co sm olog ical data 

constra in  m odels a t the infla tionary  o r P lan ck  scale w hich 

determ ine T rh  and  77.

F u tu re  ac ce le ra to r o r d a rk  m atte r d etec tion  experim en ts 

m igh t find a neu tra lin o  in a reg ion  o f  the  su p ersym m etric  

p a ram ete r space w here its s tandard  re lic  density  is larger 

than  the o bserved  co ld  dark  m a tte r density . T his w ou ld  tell

PH Y SIC A L REV IEW  D 74, 083514 (2006)

M „, (G l-V)

F IG . 14 (co lo r o n line ). T h e  lin es show  th e  v alues o f  m 0 and  

M j/2 fo r  w h ich  th e  re lic  n eu tra lin o  d en sity  has the cen tra l value 

o f  th e  ran g e  im p o sed  by  W M A P  b o u n d s, n am ely  n cdm/i2 =  0.11 

fo r d iffe ren t v alues o f  rj. M in im al S U G R A  m odel w ith  A0 =  0, 

tan/3  =  10 an d  /n >  0.

083514-11
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us th a t the h isto ry  o f  the U n iverse  before  b ig bang  n u c leo ­

syn thesis  does no t fo llow  the standard  co sm o lo g ica l a s ­

sum ptions, and  w ould  p o in t tow ards n onstandard  

scenario s, such  as those w ith  low  reh ea tin g  tem peratu re  

s tud ied  here.
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