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Abstract

Using recent observations of the diffuse, soft x-ray
background we obtain upper limits of 49 eV to the average

surface temperature and 1032 erg s_j

to the total photon
luminosity of old (= 1010 yrs) neutron stars in the galaxy.

If neutron stars are kept hot through monopole-induced

nucleon decay, this 1limit corresponds to a monopole flux
-23 -2 -1 -1

limit of FM(gog) < 3r x 10 cm sr 8 , where the cross

section for catalyzed nucleon decay times the

monopole-nucleon relative velocity 18 ov = 10—28(oosc) cn?
(g = v/c), and r = Lgyp/Ly is the ratio of the total
iumincsity to the photon luminosity of a neutron star whose
surface temperature T = 50 eV, For conventional neutron
star equations of state r = 1, while for the more exotic
ones r c¢an be 0(103 - 10H)_ Although our temperature limit
places a very stringent limit on the monopole flux, it does
not significantly constrain other mechanisms for heating old

neutron stars,

Operated by Universities Research Association Inc. under contract with the United States Department of Energy



1. Introduction

Based upon the local pulsar birthrate alcne, old {~ age
of the galaxy 1010 yrs) neutron stars ahould have a local
density of at leaat 1078 pe”3  (see, e.g., Manchester and
Taylor 1977; Lyne 1%82). If these relic neutron stars are
still hot (T 2 faw x 105 K), they will make a algnificant
contribution to the diffuse background of soft x rays. In
thia paper we use the recant measurements of the aptt x-ray
background In the B, C, M1, and M2 bands made by MSCammon,
Burrows, Sanders, and Kraushaar (1983; hereafter MBSK} to
place a limit on the average photon luminosity and surfacs
temperature of ¢ld neutron atars,

In the standard picture, neutron atars are born very
hot (T 2 10" K), in the corss of aupernova explosions, and
cool within a few 1000 years to temperaturss < :aﬁ K by
neutrino and photon emission. In the absence of any
fnternal heat sourcas, one expects old (*= 1010 yrs) neutron
stars to be quites cold (< 105 K}; sea, ¢.g., Van Riper and
Lamb (1981}, Tsurata (1979), or Richardson etal. (1982).

Howaver, recently 1t has been suggested that neutron
stars could be heated by.'mnnopola~catalyzad' nucleon decay
(Kolb, Colgate, and Harvey 1982; Dilopouloa; Preskill, and
Wilczek 1982; Walsh 1982). The idea 13 simple. Superheavy
magnetic monopoles less masasive than about 1021 Gav which
strike the surface of a nesutron star loae aufflclient enargy

{through electronle interactions) to be captured and 230

agecunulate inside neutron stara at a rate proportional to
the monopole rlux. Once inside, grand unified monopoles
catalyze nucleon decay through the '6n11an—Rubakov' process
(Callan 1982 a,b; Hubakoy 1981, 1982), @.8., M + n » M + ¢
+ %= (M = monopols, n = neutren). According to Callan and
Rubakov, the cross saction for this process s of ordesr a
‘typical strong interaction cross ssction’ =~ 10728 onZ, ang
20 monopoles will produce of the order of 1018 arg a7?
per monopols due to ths catalyalis process, Thus 10!4
sonopoles will produce =~ 1032 erg »”', which, 1if all
radfated 1in photons, would correspond to a neutron star
surface temparature of about 50 ev = 0{6x10% K}.

Since the number of monopolas In a neutron star 13
proportional to the monopole flux, a limit to the total
luminoaity of & neutron utar.can ba used to obtain a bound
on the average flux of monopoles in the galaxy. In previous
work (Kolb, Colgats and Harvey 1982; Dimopoulos, Presklll,
and Wilczek 1982; Walsh, 1982; Bails stal. 1983; Freese,
Turner, and Schramm 1983) limits to neution star
luminosities based upon observations of the diffusa photen
background, observations of individual neutron stars, and
sarendipltous saarches for nearbdy x-ray point scurces have
been used to derfve upper limits onm Lthe monopole flux
ranging from 10721 @72 4r71 371 to 10727 or”2 7! PRl
Since these limits are tha most stringent-- at least &

orders-of-magnitude more restrictive than the Parker bound



(Parkar 1970; Turner, Bogdan, and Parker 1982), they are of
great impertance to monopole hunters, and ahould be
subjected to the greatest scrutiny.

The primary aim of thils paper fa to use measurements of
the diffuse background flux of soft x rays to conatrain the
flux of superheavy magnetic monopoles, paying caraful
attention to all the input parameters and astrophysics
Involved =~ local number density of old neutron stars,
abscrption by the ISM, and the ratio of the total luminosity
of the neutron atar to 1ts photon luminosity {r = Lrgr/Lyl.
The limit we obtain,

Fulog) € 3r z 10723 cm™2 a7 71 ()

15 aeveral orders—of-pagnituds leas atringent than the hound
derived by CDimopoulos, Preskill, and Wilezek ({1982), which
is also based on obasgrvations of the diffuse, scft x-ray
background,. [Hera, lo_za(oosc)cm2 = gatalysls eross sectlion
times nucleo;—monopcle relative veloclity.,] The discrepancy
ia due to the rfact that they did not take 1nte account
abseorption of the soft x-rays Dy the ISM, The bound
derived here, while similar 1in magnitude to the bHounds
derived by Kolb, Colgate, and Harvey (1982), based on
serendipitous searches for soft x~ray point sourcea, and by
Freese, Turner, and Sc¢hramm (1983), based on the measured

luminositles of oald radie pulsaras, invélves different

assumptions and hence different uncertalnties and
vulnerablilitles. The fact that the three different methods
result in similar bounds gives one asoms added confldence 1in
the validity eof these very astringent moncpole flux limits.
In obtaining our flux lilmit, we wused the asoft x-ray
background cbservatlions of MBSK to constraln the temperature

and luminosity of old neutren atara,., These limits,

T £ 49 ev (R = 10 km)
42 av (R = 15 km)

Ly € 1032 erg 37! (R-10 or 15 km),

are interesting in thelr own right (R = radius of ths
nsutron star). Our luminosity limit is about a factor of &
better than the 1limit inferred by S{lk {1973), and 1is more
directly linked to obaervational data. Unfortunately, even
our bound deoces not constraln In a significant way the more
conventional mechanisms suggested for keeping old neutron
atars hot,

The paper 13 organized as follows, In Sec, IT we
derive the Integrated flux from old neutron stars as a
function of thelr average aurface Gtemperature, carefully
Lllustrating tha dependence upon the lnput asaumpticns and
astrophysices involved, By wusing the detector response
functicons given by MBSK we convert our c¢alculated

differential energy flux into counting ratea for the B, C,



M1, and M2 bands. Then we compare these predicted ccunting
rates with the observationa of MBSK to obtaln our limits to
the average surface temperature and photon luminosity of old
neutron stars. In Sec¢, TIII we use these raeaaults to place a
limit aon the flux of moncpoles. In this sectlcn we also
dliascuss how our limita depend upon the varlous uncertalnties
in the problem (&.g., number density of old neutron stars,
modeling of the ISM, and the neutron atar equation of
atatal. In Sec. IV we compara our monopole flux limit to
the other Jlimits which are also based upon monapole
catalysis of nucleon decay 1in neutron stars, and address the
gquestion of the relliability of these catalysis limitas. In
Sec. V we [finish with some concluding remarks, and also
ariefly mention the relavance of our limits to other

mechantiams for keeaping old neutron stars hot.

I1, The Energy Flux From 0id Neutron Stars

In this saction we compute the contribution of hot (=
few x 10% K), old (* 1910 yrs) neutron stars in ths galaxy
to the diffuse soft x-ray background. The total
dirferential energy flux at earth 1s calculated by assuming
2 number density of old neutron atars '{= 10™% pe~3, which is

based upon the local pulsar birth rate), assuming that these

neutrcon stars radlate like blackbodys at tempsrature T(* few

4 105 K), and taking 1Int¢ account absorption by the

interatellar medium (ISM).

The total photon luminosity of a neutron star of radius

RIO 10 km which radiates like a blackbody at a temperature T
ts: L, - 1.05 x 103" (T/30 ev)? R102 erg s '. The

differential luminosity of this neutron star fs

aL/dE = L (15/%")(E3/TY) [axp(E/T)-117, (2)

- 2.0 x 103¢ RlozEa[exp(E/T)-ﬂ-1 erg kev 45T,

For a neutron star at a distance Kk, the differential energy

flux measured by a detector 1is
dF/dE = {(dL/dE)expl-t(&,E)] /v, (3)

Wwheare the number of absorption lengths t 1s related to the
absorption crosa sectlon o(E)}) and the number density of

absorbers n by
t(4,E) = [ acmece) ar, (u)

Interstellar abscrptlon of soft x rays (E ¢ p(l1 keV)) is
primarily due to photolonlzation of H, He, C, N, and 0., The
eross seation per hydrogen atom ia: a(E) = 6§ x
10723 (E/kev) ™3 cm? (Brown and Gould 1970; Ride and Walker
1977), and n is then the number density of hydrogen atcms,

Ay« At these low energles, the effect of photoionization by

heavier elements 1s not important, although 1t does bacome



lmportant at higher energlea (Ride and Walker 1977; Morrison

and  M%ammon  1983). If n, were constant along the

linae-of-~sight, then

TR (58)

Labs = [”H°)-‘ (5b)

* 5.4 {ngs1 em3)TN(E/O.1 kev)3 po;

it 13 clear that absorptlon of soft x-rays by the ISM is
potentlially a very lmportant effect, If we assyme that old
nteutron stars are distributed uniformly about us out to &

diatance R, with a number density ng, then their total

contribution to the differentlial energy flux is

dF/dE = (By/un)[R¥ (aL/aE)expl-t(L,E)]at. (6)
We will now estimate n, and R,. The largest known

contribution to the neutron astar birthrate comes from
pulsars. A recent estimate (Lyne 1982) suggeats that the
local pulsar birthrate is 40 t 15 My~ ! kpe 2, projectad onto
the plane and assuming a beaming factor of 0.2 (1.e., due
te their finite beam wldth we see only 20% of all pulsars).
This 1is about & factor of 2 smaller than earlisr eatimatas
(Manchester and Taylor 1977). To convert this birthrate

into a number density we need to know the scale helght of

old pulsars. As a population pulsars have large velocitlas
Qut of the galactic plane, <vz> = 15Q0 kmshT; although
Helfand and Tademaru (1977) and Helfand (1983} have
suggested that there may also be a population of pulsars,
with small <v >, which could include 10-20% of the pulsar
poepulation. & <vz> = 150 kma-1 translates into a present
scale hneight of 0O{few kpc)} (Gunn and Ostriker 1970; Oort
1965} for old (= 10'% yra) pulsars; note that this fs azout
a factor of 10 larger than the cbserved scale height for

6

young (£ rew 10 ¥rs) pulsars, Assuming a constant

1010

birthrate throughout the past yrs and this sgale

height, we estimate the contribution of old pulsars to n, to
-4 4 pe"? and

be =T 10 pe™3. Throughout we will usa n, *~ 10

Ry = fow kpe; at the snd of this sectlion we will discuss the
sensitivity of our limits to these astimates for n, and R,.
We will now calculate the effect of interstellar
absorption for two different models of the ISM: (1) a simple
model where nm, « constant % | em~3; and (2) the three-phase
wodel of MSKee and Ostriker (1977). Although the average
density of fnterstellar hydrogen 18 about ! cm 3, the ISH is
very Iinhomogeneous (see e.g., Spltzer and Jenkins 1975;
Frisch and York 1983), and so the simple aodal ahould
overastimate the effect of abscrption by the ISM. With n, =

H
1 cm-3, wquatlon (6} i3 atralghtforward to lntegrate,
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-9 -3 g2
dF/dE - 9.0 x 1077 R gn_,

x ESTexp(E/T)~11710(E) erg s Tkev 7o Rar™!, (1)

BLE) =~ n_o f%% expr-v(1,E)1dR, (8)

(nOInH)[I-sxp(—anR;)].
1,

wherae n_) . n,/1g'“

pe”3, and Rg = 1 em 3.

Although the simple model provides a good global
(scales > 100 pc) description of the ISM, It does not
provide a very accurata picture on smaller scales, Within
100 pc of the sun ny 1is auch less than 1 em™3, belng closer
to n faw x 1372 ea~3 (Frisch and York 1983; Spltzer and
Jenkins 1975). A more detailad picture of the IS5M which
takes the 'patchineas’ of the ISM  inte account has Dbeen
developed by M%Kee and Ostriker (1977). Thelir thraee-phass
model consfists of a hot component (T = 106 K. nH = g9 yx 10'3
er™3, voluma filling factor £ = 0.8); a warm componant (T *
109 K, ny = 0.3 en™ 3, volume r1lling fagtor £ = 0,2); and a
cold eomponsnt (T ™ 100 K, np = 30 em™3, volume filling
factor £ ®= 0.025). A typical observer will find him/heraself
in a hot region where ny = 2 x 1073 ew™3, and on average
his/her line-of-sight will intermseot a warm cloud (radius =
fow pe) every 10 pe (= R;) or se, and a cold cloud (radius =
few pe) every 100 pe (= Rz) or ao, Statistlcally, thils

leads to an average hydrogen denslty along the llne-of-slght

11

of: n, = 2 x 1073 em™3 ror ¢ < By = 3 x 127% cn”? ror R,

1 "2
£ 8 g Byi and ny =« 1t cm'3 for L > R,. This plcture is
consfstent with UV absorp;lon studies (Spitzer and Jenkina
1975; Frisch and York 1983). VUsing the three-phase model,
tha total differentfal energy flux axpected at the earth is

given by equation {(7), wlith

B(E)-(no!n1)[1'0:9(-n1oR!)] .
(noinz)exp(—n,nﬁ,)[\—exp(-nzo(ﬂz‘ﬂ,))] *

(nO/n3Jexp(-n1oR1+nzu(Hz-R,))Ei-exp(*nautn.-nz))]. (9}

For E > 0(0.3 keV) B(E) = 1, lmplying that the effect of ISM

absgrption is about thea same in both medels, as one would

1

have axpected alnce ¢t (noo)ﬂ 2 150 pc for E 2 0.3 keV,.

abs ©
However for E ¢ 0(0.3 ke¥) B(E) >> 1, {mplying that the
effect of ISM absorption 13 very different in the two
models, agaln as expected since ! = (nou)_' £ 150 pe ror

E < 0.3 ke¥. Physlcally, this is because [(n the threa-phase
model we can ase further out at low energies asinece In our
naighborhood (% 100 pe) ny = n, = 3%x10°2 cn”™3 and {nza)‘* -
180 pe (E/0.1 ke¥)3. Thus the counting rates for the MNi1(=
0.4 =~ 1.0 keV¥) and M2 (™ 0.5 - 1.2 keV) bands should be
about the same for Dboth modela of the ISM, while the
eounting rates fop the B (= 0,11 - 0,19 ke¥) and € (= Q.13 =

0.28 keV) bands should be very different for the two models

of the ISM. This indeed turns out to bs the case, as can
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be easily »sesn In Fig. 1.

The differential energy flux, given {in model (1) by
aquations {7-8) and Iin model (2} by equations {(§-9}), whaen
inteagrated over the detector response functlion A(E) gives

the counting rate I':

Tganp = [(dF/dE)Ag,aup(E) ¢E, (10)

Our simple analytic fita to the detector response functiona
given in MBSK are displayed in Table I for the B (= 0,11 =~
0.19 we¥), C (= 0.13 - 0.28 keV), Mt (™ 0.4 - 1.0 keV), and
M2 (* 0.5 - tfz ke¥) banda. The predicted counting rates
for the B, C, M1, and gz bands are shown Iin Fig. 1 as a
funotion of the neutron star surface tsmperaturs for both
models of the ISM,

The observationa of MBSK in the B, C, M1, and M2 bands
are four Separate and Independent measurements in the senss
that 'noc photon 1s counted twice,' The all aky average
counting rates for the differant banda are given in Table I.
In 41l four bands there are large reglons of the sky whers
the counting rate 1s 1/3 the all-sky average (or less).
Therefore wa choose to use 1/3 the all-sky averages to limit

the contribution to counting rate from old neutron stars.

Arrows indlcoating 1/3 the all-sky average count rate are

ahown 1In Fig, 1, and the resulting limits to the phaton

luminosity and surface tegperature are summarized 1in Tablae

I, for R,, « 1 and 1.5 and both models of the ISM.

Using elther model of the ISM the C{-band measursments
give the best limits, With the simple model of the ISM and
ﬂ10 e 1(1.5), we Find T ¢ 60 eV (50 eV) and Ly ¢ 1.7(1.8) «x
1032 org s~!. With the three-phase model of the ISM and Ria

= 1(1.5), we Pind T ¢ 19 eV (42 aV) and Ly § 7.5(9.1) x 103"
erg 37!, For either model of the ISM Ly {3 constralned to ba
lass than about 1032 erg a~'; this is the 1limit to Ly ws
shall use throughout the rest of the paper,

The biggest uncertainty in deriving these limits 13
the assuasd number dansity of old neutron stars -- a
quantity whioh unfortunataly 13 not an obaervable. ?c
bealleve that we have besn very conservative in sstimating
n,, For example, if there exists a population of pulaars
with small velocitleas out of the plane, say 30% of the
population as a whols, then the scale haight of this
population would be oconsiderably less than the faw kpc we
sstimated for the pulsar population as a whole, anpd tha
nearby (t < few 100 pe) number density of old nautron atars
due to this subpopulaticn alone could be a factor of 3 or so
times our eatimate for n,, This would not affect the M1 and
M2 band ocounting rates alignificantly, asince at thase
energies the ISM Is transparent out to a few kpe (™ R,).
Howsver, the counting rates for the B and C bands would

inoreass by sbout the same factor that the value of ng

nearby dees. Incrsasing n, by a facter of 0(3) would
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tighten the C band 1limits on LY by about a factor aof 2.
Note that in this exarple we have kept the total number of
0ld newtron stara fixed, and Just varied thelr radlal
distribution.

In additlon to the uncertainty in the scale helght of
old neutron stars, there is the uncertainty in the blrthrate
itself. To eati{imate the number density of old neutrorn stara
Wwe have used the present pulsar birthrate for the neutron
star birthrate and asaumed that this birthrate has been
conatant for the past 1019 yras. By no means fs it certain
that the majority of neukron astars are bora a8 pulsars, or
that the neutron star blrthrate has been constant throughout
the nistory of the galaxy. [Neutron stars which rotate
slowly or have weak magnetic fields will not pulse; roughly
speaking the griteria for pulsing seans to be:
(B/1OTEG)/(P/sec)2 2 001} {Sturrock 1971; Rucderman and
Sutherland 1975).] Previcus estimates of the number density
of old neutron stars have been up to 100 times larger than
the value we have adopted here (e.g., Lamb, Lamb, and Pines
1973; Hills 1978, Ostriker, Rees, and Silk 1970).
Increasing n, by a factor of 10 would Increase all of
calculated counting rates by the same factor and fmprove our
limtt to L. by about a factar of 10: Ly, ¢ 0(103' erg 57 '),

ef., Flg. 1.

IIT. Limits to the Monopole Flux

In order to convert cur limit on the average photon
luminosity of old neuktron stars to a liméit on the flux of
superheavy magnetic monopoles, we naed to: (1} relate the
monopole flux Fy, to the rate of energy release due to
monopcle-catalyzed nucleon decay; (1) relate the photon
luminoalty to the total luminosity of the neutron star (hot
neutron astars also radiate neutrinos); and finally (ilil} use
the bound on the total luminosity to bound the energy
raleass due to monopole catalysls (and in turn the monopole

flux FH), The rate of enargy release from catalyzed nucleon

decay per mongpole ts

Ly = po’(oge) amn

» 8.1 x 1017 arg a7V (pr3xio’t g cm'3)(uug),

wheare as bercre we have parameterized the cross sectlion for
catalyals times the monopole-nucleon relatlve velocity (v =
ge) by

{ag} = (aoajaohzacmz‘ (12}
For the mcment 1let us assume that a neutron star 13 born
monopole free; later wa will alse take 1nto acceunt the
monopoles captured by ita main sequence (M3) preogenitor.

The numbar of saonopoles captured by a neutron star {3 Jjust



Ny=(5wRZ) (x-sr)Te (1+2GM/RVEIF, (13)

= 20 10 -2
3.7 x 10°Ye(1/10Q yra)H1n10v_3 F_16

whare M - MM, R « Ryp 10 ka, and 1 are the mass, radius
and age of the neutron atar, € 1% the efficlency with which

the neutron star captures the monopcles that strike its

surface, and Fy = F_ig 10716 2072 5r77 371 (s the averaga

monopole flux (over the time perlod t). The Tactor (1 +
3161 v_;2 is just the ratioc of the
gravitational capture oroas ssction to tha geometrlce cross

zcn/nvME) = 3 x 103 M,

section. Kolb, Colgate, and Harvey {i1982) and Dimopoulos,
Praskill, and Wilczexk (1982) ﬁave arguad that monopoles lesss
masaive than about 102! GeV which strilke the surface will
lose sufficlent energy through electronic interactions to be
captured, and 3o for monopole masaes < 1021 GeV we expect ¢
= 1. In Sec. IV we will discuss the possipility that
neutron star magnetic fields may ejJect the moncpoles {or
prevent thelr capture in the first place), and also briefly
discuas the possibility that the monopole abundance in a
neutron star s lower than our estimate (13} due to
monepole-antimonopole annihilatlons, Combining the
luminosity per monopole, eqn. (11), with the number of
monopoles expected to be In an old nsutron star, eqn. (13},

We obtalin the total lumlnosity due to monopolesa,

17

1 4

Ly = 3.0 x 1038 erg 5”1 (o _g)(p/3 x 10" cn™3)

2
X MiRygVo3 Toyg- SRY

Cne 1s temptad to compare this luminosity with the
limit wea obtalned (n Sec. II on the average photon
luminosity of an old neutron astar, thereby deriving tha
monopole flux 1iimit: Fy(ag#) ¢ 3 x 10723 cm™2 471 471,
Unrfortunately this cannot be done quite so directly Decause
4 hot neutron star radiates not only photona, but also
neutrinos, and to obtain a bound on FH based wupon Ly one
must compare LH with the bound on the total luminosity of
an c}d neutren atart In order to obtaln a limit to FM wa
need to know r{s Lpgr/Ly). then the 1limit to Fy which
followa ias
“23 on™? ap”

Fulogh) § 3r x 10 TeTt, {15)

The ratio r we requlre.can be obtalned from neutron
star cooling calculations, In Flg. 2 we show LTOT/LT as a
function of L, for & variety of neutron star equations of
atates, bassd upon the neutron star c¢ooling calculationa of

Tsurata (1979), Van Riper and Lamb (1981), and Richardson

stal, {1982}, Except for the more exotic equations af

state (pilon condensate or quark matter core), L

for L, ¢ 1032 erg o '. If we axolude these uore exotle

tor/by 1



possibilities, then r = 1 and the limit we obtain Is just

Fy(ogs) ¢ 3 x 10 23 en™? ar™! 575 (16)

{no t-condensate or quark matter cora)

If wa allow for the poaslbility of a plon condensate or
quark matter core, then for LT= 1032 arg 87! r could be as
larga as 0(103-10"), and %0 a more conservative (and less
atringent) limit followa

FuylogB) 10719 a2 sp”1 371, {(17)

These limits are the maln result of this paper. If the
catalysis croas section is as large as the calculations of
Callan (1982a,b) and Rubakov (1981, 1982} asuggest: a8 =
0(1), then the flux of relic moncpoles must de tiny (= 1

1

large clity” y#~ 1), and probably too small to detect

terrestrially. On the other hand, Lf the monopaole fClux fs
large enough to detect terrestrfally (FH : 10'16 em™2  gp”!
2”' = rootball rield”' yr”'}), then the catalysls cross
sectlion must be amall: (nog) < 10_6 ~ 1073, Tnis ‘Catch-22!
virtually precludas the possibility of using large proton

decay datectors as 'mohopole telsescopes',

Finally, let us tuern to the inltlal monopoles abundance
in a neutron star. Fraese, Frieman and Turner (198%) have
shown that MS stars with masses Iin the range (I—3U)Mn can
capture large numbers of monopoles whlch are less massive

than 1017 Gev during their M$ lifetime:
- 24 _ 425
N (Hs) (10 10 )F_16. (18)

[Nota that the mass range (1“30)“0 comfortably brackets the
masses of typlcal neutron star progenlitors.] This is some
3-% ordersa- of-magnituda more monepoles than the neutron
star captures In TUto yr,ef, aqn. (13). Assuming that a
substantial fraction of these monopoles find thelr way from
the proganttor MS star Into the nsutron star (for discusaslion
of this point see, Freese, Frieman and Turner 1984, and
Harvey, Huderman and Shaham 1984), our monopole rflux limit

improves by a factaor of 103 - 10“.

=26 2

Fylogh) § 10 r oom™2 ap”! a7, (19)
where as before r = LTOT/LT and is * 1 1f we excludd exotie
equations of state, and perhaps as large as 103 - 10“ 1f wa
allow for tha posaibility of a plon condensats or quark
Batter care, Nota alao that limit (19) 1is only
applicadle for monopcles less massiva than adout ‘IOlT GaV;

M5 atars do not capture slgnificant numbers of monopoles
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more massive than this,

I¥., Comparisons to Other Moncpole Flux Limits Based Upon

Catalysis of Nucleon Decay in Neutron Stars

and Possible 'Loopholas’

In this sactlicon we will c¢ompare and contrast the 1limit
on the monopole flux obtalned In this paper with the othear
iimits on the mcnopole flux based on mohopole catalyzed
nuc¢leon decay In neutron stars, Although the methods usad
are very different and involve different assumptlons (and
hence weaknesses), the limits which follow are very aimilar,
glving one confidence that the very stringent limit on the
monopole flux based upon monopole catalysis is a reliable
one, We will also briefly discuss the possibllity of
avading the catalysis limit.

The limit which can be moat readlly compared to ours ia
that of Dimopoulos etal. {1982). They alsc used the diffuse
x-ray (and UV) background to bound the luminosity of old
neutron stars and in turn the monopole flux. Thelr limit,
=24 n-2

ar s ', 1s a factor of 30r marse

FylogB) § 10
stringent than ours, However, they did not take Llnto
acoount apsorption of the emitted Uv/soft x-rays by the ISM,
which as we saw In Sec, IJ {8 a very significant effect.
Kolb etal. (1982) used a 1limit to the total anergy

emitted by 4 neuitron star 1n photons more énergatic than 0.2

ke¥ (E £ 6 x 10“9 ergs; Silk 1973} to ©btound the average
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photon luminosaity of an old nautron atar ([...Y <4 x 1032 erg
3"1), to derive the nound, FylugB) €5 x 1071 o2 art!
s~1. dnen we allow fer the possibllity of coploua neutrine
emisslon (r = 103 - 10"), as they did, the limits are
numarically very slwmilar, The advantage ol ocur technique 1ia
that our bound to I..T (s 1a32 erg 5-1) is related te
aobsarvational data Iin & very straightforward way, whille the
'S1lk bound', which is based upon the contribution of all
old neutron oastars in the Universe to the 1lsotropic x-ray
background, <¢epends upon quantities likae the avarage
suparnova rate per galaxy, and has not been corrected for
absorption by the ISM,

The 1limits discussed 8o rfar are bhased upon the
integrated contributicn of many old neutron stars (= 1010)
to the diffuse photon background. The advantage of this
technique s that 1t 'averages' over many o0ld neutron stars
(recall LH = Ny = FHT). However, one needs Lo azaume a
number density of ald neutron atars, and the photon
luninosity limit (Ly g 1032 erg 3”') upon which the flux
limit 1s based L3 Jjust getting into the range where the
neutrino luminosity can dominate the total luminosity {r 3>
1). making the bound very sensitive to the neutron star
aquation of state assumed. The bounds which we wWiil now

discuss are based upcn the observations of Individual

neutron astars.
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Kolb etal. (1982) nave used the dearth of ‘'blank-field!'
x—ray polnt 3sources 1Iin Einstein serendipitious surveys to
obtain the bound L, g 1037 erg 8 ' and the resulting
monopole flux limlt, Fy(a 8) € 5 x 10722 ocp™2 ap”t 471,
Thelir more atringent bound on !..Y makes neutrino emisslion
less ef a waorry, of, Fig. 2. The weaakness of this
technigue is that [t depends eruclally upon the local number
denalty of old neutron stars and absorption by the ISM. The
average number of neutrecn stars expected in a given field
out to a distance d la: LI 1072 n_y(d/100 pc)3 deg-z. Ir
due to absorption by the ISM only sources c¢loser than say
100 pe e¢an be detected, then a rield of > 100 n_;"dega ia
needad, Note that the number of neutron atars fin the 'ceone
of detectabllity’' depends llnearly ypon n, and the cube of
4. This sensitivity to n, and 4 makes the interpretation of
nagative ©blank~field serendipitious searches difficult. As
larger blank-flald surveys are completed (e.g.., Stocks
atal. 1983) the reliability of this method will Llaprove,
and as with the previous technique there 13 the advantage
that old neutron stars which have been accumulating

monopoles for 1010 yrs are being used.

Flnally, Freess etal. (1983) have used Einstain

observations of neardy (< few 100 pe), old (= 1a5 yrs} radio
pulsars to derlve a bound based upon the wmeasursd x-ray
fluxes (or upper limita) of these objects. The pulsar PSR

1929 + 10 provides the most stringent liait, FH(°05J < 7T x
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10722 op72 gp~) 71 -~ campérable to the limit obtalned from
serendiplitous searches. The stringent bound on LY (g 3. X
1030 arg 5-1) for this object decreases the uncertainty In
Lpgr/lLy due to the squation ¢f state=-for all but cne of ths
squations of state represented in Flg. 2, r = LTOT/LY - 1.
In addition PSR 1929 + 10 has a strong magnetic fleld (B *
faw 1012 G), and atrong magnetle fields tend to
systematically decreasa r {(note most of the calculatlons
represanted in Flg. 2 were dene asauming B = 0), Tha
preciss slze of this effeot 1s atill ungertaln becauss of
the additlonal uncertainties introduced when strong magnetic
fialds are taken 1lnto account; see e.g. Van Riper and Lamd
(1981). This technique also 1is not without weaknesaea;
first since the neutron stars are relatively young, the
nugber of monopolea captured 1s smaller, cf., eqn. (+3)
{although if ons includes the monopoles captured by the M3
progenitor this s a moot polnt, since the number captured

on the M$ 1s greater than that captured by even a ‘IO10

yr
ald neutron =star). Second, thers are uncertaintiaes dus to
the faet that the distances to ths old radio pulsars u3aed
(and pulsars in general) are not accurately determined; the
distance i3 nesded to convert the Elnsteln flux measurements
into a total photon luminoalty,

Wa have summarized our comparison of thse different

metheds for obtalning & Dbound to FH based upon monapole

catalysis in neutron stars In Table II. Perhaps the most
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striking conclusion that one can draw {3 that while each
method involves uncertaintles and has 1ts weaknesasas, the
uncertainties are different while the limits tend te be
comparable, glving one confidence in the valldity of the
neutraon atar catalysis bound.

Finally, we will briefly discuss possinle 'loopholes’
in the vary stringent catalysis bound, First, aconopoles
may not catalyze nucleon decay with a large cross section.
The «crosa section for catalysils could be significantly
smaller than the c¢alculations of Callan (1982a,b) and
Rubakov {1981, 1982) 1indicate; 1in fact the monopolea
predicted by some grand unifled theories are not expected to
catalyze nucleon decay with a atprong interaction craoss
section, i.e., (uog) << 1 (2ee, e.g., Dawsan and
Sahellekens 1983; Welnberg, London, and Rosner 1983). The
poszibility that (o g) << 1 i3 not really a loophole, aince
all the 1limits discussed constrain FH(°DB) == a3 we have
been very caraful ta indicate.

The ratio of the gravitational force to the magnetio
foree on a monopole {(wlth Dirac charge) naar the surface of

a neutron star Iis

16 12 ;
Ferav/Fuag = 100(my/10'° Cev)(10'%G/B); {20)

thus the magnetic fields of neutron atars with B > 10'2 @

may deflect monopoles less mamsive than about 101u GeV and
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such monopoles may never reach the surfaces of nesutron
atars, In this case our estimate for the numbar of
monopoles in a neutron star would not be applicabla [eqn.
(13)], nor would the flux bounds we discussed. However, It
ssems lixkely that some neutren astars are born with weak
magnetic fislds (B << 10'2 g). The fact that old () 1g7
yrs) pulsars 'turn off' indicates that the surface flslds of
©ld neutron stara become weak, Therefore flux limits which
involve avarages over many old neutron atapra (3;54, this
paper, or the 1limits discussed by Kolb etal, 1982) are
probably not affected unless monopoles are very light (<«
1014 Gev) ., This example {llustrates how the strengths and
waaknessea of the various techanlques serve to complament
sach other and strengthen the relliability of the limit,
Harvey, Ruderman, and Shaham (198%) have discussed the
possfdility that neutron atars with a plon condensate a%t the
¢enter may 'slingshot' monopoles out of the star once they
are captured. Although a possipility, the many
uncertafinties involved -~ whether or not neutron stars have
plon condensates at their cores, the size of the flux tubes
in the pilon condensate, and whether or not elsctronic
interactions dissipate ths energy the monopoles galn by the
'‘plion slingshet' mechanlsm -~ seem to maks the slingashot a

langshot,
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Monopole-antimoneopole annihlilations can potentlally
reduce the number of monopoles ajignificantly, and so deservs
conaideration. This 1ssue has recently been thoroughly
addressed by Harvey (1984} and Harvey, Ruderman, and Shaham
{1984), and here wa will just briefly asummarize their
conclusionsa. It 18 generally acceptsd that interiors of
neutron stars are type II superconductors (regardlesa of the
equation of stats) (see, 8.g., Baym and Pethick 1979).
Magnetic flux In a type II superconductor 13 confined to
flux tube3 which carry a sipgle flux quantum; the number of
flux tubes 1a *= 103'(B/10'%G)}., Once thay penatrate the
superconducting cors, monopoles will be conflned to flux
tubes; so0 long 44 the number of monopoles 1s much less than
the number of flux tubea [which 1Is the case for F_,g s
1010(5/70120)1. monopolaa and antimonopoles will not
annlhilate. [Note, Harvey etal, {1984) have ahown that for
the fluxes of interest here, F—l6 < 10'3. monopoles will not
dastroy the lnternal magnetioe rleld of a neutron star in
1010 yra.] In the very unlikely case that the Interiors of
neutron stars are nct superconducting, the Lnternal magnetlie
field of a neutron star will tend to separate monopoles and
antimonopoles, Harvey (1984) has argued that a flield of
oc108 G) 18 sufffclent to prevent a significant number of
mongpele~antimonopoles annihilatlions. If the lnteriors of
neutron stars are not superconducting, and the internal

magnetic fields are weaksr than 103 G, then the aize of the
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monopole cloud is determined by their thermal metionas (T =

100 Mev, 200 ¢m), and monopele-antimoncpele

Feloud
annihilations will be a3significant. In thls c¢ase the
equilibrium moncpole abundance {8 determined by balanclng
the annihilation rate agalinst the rate at which meonopoles
are belhs captured. Harvey (1984) derives an equlilibrium
maoncpola number of

eq 5 P03 (21}
in ocalculating the predicted luminosity due to monopoles, it
is this number which should be used {n place of the total
number captured [whieh 1s given by eqn., {13)]. ﬁhen this
is done, a wmuch less stringent limit on the monopole flux

foliowa,
- -2 -1 -1
FH(aOB] < 10 T ¢ oem ar a , {22)

where as always r = Lpo./L,, We mention in passing that the

limit derived by Freese etal, (1983) (a3 not affected dy

monopole-antimoncopole annthilations (even 1If cne ignores the
fact that thease oid radfo pulsars have large surface
magnetic flalds and supposes that the internal magnetic
fields are less than 108 G)., That las because these neutron
stars haven't had sufficient time to capture the equilibrium

numbar of monopoles and 30 annlhilatiens are not yet
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jmportant,

The diffarent methods used to obtain limits to the
monopole flux Involve different assuaptions (and henage
vulnarabllitiea), but result in similar bounds. This givas
one confldence In the reliability of this, the moat
stringent constraint on the flux of superheavy magnetle
monopolas. None of the suggeations for evading the bound
ssam very likely. If the nautron star catalysis bound
could be avaded, there 14 3till the very stringent bound,
Fulogh) s 2 x 10°78 em™2 ar~! 87, based upon catalysis of
nucleon decay ln white dwarfs (Freese 1984), which Involves
very different astrophysics. The only case 1in which the
catalysls 1limlts ©become uninterasting 1is if the cross

ssction for monopole catalyzed nucleon decay 1s small, say

-6
(ooa) < 10 ~.

IV. Cenclusions

We have used the diffuse, soft x-ray observations made
by MBSK to obdtaln upper 1limits to the average surface
temperature and photon lumincaity of old neutron stars: T £
43 eV¥ and LY b |o32 erg 2“1, our luuino;lty ilmlh is about a
faator of 4§ more atpringent than the limit derived by S1lk
{1973} basad upon the Iintegrated contribution of neutron
atars to the [sotrople x-ray background at energies > 0,2

ka¥, and i3 mors directly tied to observatlonal data,
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Using this bound we obtain a 1limit to the flux of
monopoles, F,(g 8} § 3r x 10723 2n™2 ar™' 877, based upon
monopole catalyzed nugleon decay In neutron stars, The
ratio r = L-l-m.f’[.,r dependa upon the neutron star equation of
state; only for the meore exotle equations of state (plon
condensate or quark matter Interior) 1s r signiflcantly
greater than unity (possibly as large as 103 or IO“). This
limit 1s comparable to the other limits based upon monopole
oatalyosis; the various limits are summarized and compared in
Table II.

Although the surface temperature and photon luminosity
limlts wes have obtalned result In a very stringent limit on
the flux of superheavy magnetic monepoles, they do not
conatraln in a significant way the more conventional
mechaniams for keaeping 0ld neutron stars hot, Starquak;a in
the outer cruast, dynamical friction between the superfluld
Lnterior and the nan-superfluld outer layers, and polar cap
heating caused by the bombardment of the polar cap reglon by
photons and relativistiec particles (assoclated with thea
pulsar radic emlssion) all provide a means of heating the
neutron star by tapping 1ita rotatlonal and gravitatlional
anargy rasaerves. While these mechanlisms can keep young (<
107 yrs) neutron stars which are still rotating relatlively
rapldly (P < few sec) and which stlll have slzeable magnatic

fialds at temperatures of 20-100 eV, they cannot keep old (™

10lo yrs) neutron stara anywhere near this hot. Probably
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the most lmportant mechanism for heating an old neutron star
ia by accretlion as It wmoves through the ISM, but even
acceretion is only likely to result in a photon luminosity of
o(rew =x 1029 erg 3 '). [Helfand, Chanan, and Novick (1980)
have recently dlscussed neutron star heating mechanisms, and

we relfer the reader to thelr review for more details,]

This work was initiated at the Aspen Center for Physica
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Wa arae grateful to F, Cordova, . Helfand, D. Pines, and
D. York for helpful oconversatlions, This work was supported
by the DOE at The University of Chicagoe (DE AC02 BOER
10773), Los Alamos National Laboratory, and Fermiladb, by

NASA at Fermilab, and by M3ST's A, P. Sloan Fellowshlp,
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TABLE I ~ Summary of Soft X-ray Observations and Neutron Star Temperature and Luminos{ty Limits

M1

M2

Energy Rangea
(keV)

Detector Responge Functifnb
-sr~keV™4}

(count-erg=l-cm

All Sky Averagea
(counts sg-1)
SIMPLE ISM MoDeL®
Tmax(ev) Rlo-l.D

RIO-I.S

-1
Lm:x {erg s

)

3 PHASE ISM MODEL
T (eV) R =1.0

10

alo-l.S
Y -1
Lmax (erg a )

o~
.
[ ]

.

0.11 - 0.19

1.29x10  (E-0.11 keV)

49
95
68

x 1073
x 1032

0.13 - 0.28

1.33x10 1 (B-0.13 kev)

0.4 - 1.0

5.28x10° (E-.4 keV)
(0.4-0.7 ke¥)

{0.7-1.0 kev)

25

6.5 - 1.2

7.37x109(E-0.5 keV)
(0.5-0.85 keV)

5.28x109(1.0 keV-E) 7.37x109(1.2 keV-E}

(0.85-1.2 keV)

39

68
63

x 1022

x 1032

68
63

x 1032

* tTaken froam MiCammon etal. (1981).

Qur analytic €its to the detector reasponse curves published by MCaomon

All limits are based upon using 1/3 the all-sky average counting rates.

etal,

(1983).
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TABLE 2 - Comparison of Monopole Flux Bounds Based Upon
Monopole Catalysis of Nucleon Decay in Neutron Stars

Technique used to Limit LH

Published Flux
Limict, FH(UOB)é

Advantages

Disadvantagen

Contribution to diffuse x-ray
background

-Averages over a very large
number of old obLjectks
(= 1010 yrs)

-Seneitive to equation
of state

This paper

Ir x 10-23cm‘zsr-ls_1

~4 bend limit to LY

-relatively insensitlive to
model of ISM, n,

Dimopoulos etal. (1982)

rx lDwzacm-zarﬁlshl

(authore used v = 1)

-uncorrected for abeorption
by the ISM

Total x-ray emission per
neutron atar: E(> 200 eV)
£ 6 x 1049 ergs

Kolb etal. (1982}

r x l(fl-zzc:m-zsr-lau1

(authore used r=5xI03)

-Averages over a very large
number of old objects
(= 1010 yra)

-Limit to L
indirect

~Sensitivicy to ISM
absorption not obvious

-Sensitive to equation of
state

is somewhat

Negative results of seren-
dipitous Einstein searches
for nearby x-ray point sources

Kolb eral. (1982)

5r x lO_Z&cm-zar-lanl

(authore used ¢ = 102)

-Uses old objects
(= 1010 yrs)

-reliability of bound can be
improved by analyzing more
Einsetein fields

-Very sensitive to n,
and absorption by ISM

-S3ensitive to equation of
atate

Einstein obeervationsa of
{ndividual old rsdio pulsars

Freese etal. (1983)

7r x thzzcm-zar-lsul

(authors used r a 1)

-Moet stringent limit to L.,
and so less sensitivicy tI
equation of state

~Independent of n

-Leas sensitive to monopole
apnnihilations

~Uses relatively young
objects (= 106 yre)
~8cme uncertainty {in
distances to the radio
pulsars

Taking into account monopoles
captured by the MS progenitor

Freese etal. (1983,1984)

-Limits 1involving old
neuytron stars improve by
0(103)

-Limits involving young
neutron stars improve by
0(107)

~Improves limita by a very
significant factor

-Only applicable if
monopole mass X 10 GeV

-Do the monopoles captured
on the M5 end up in the
neutron star?
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Flgure Captions
Flgure 1 = The pradicted counting rates for the B, C, M1,

and M2 bands a2s a functicon of the assumed average surfaca
temperature of an old neutron star. The countlng rates [
scalae =« n_un1g, while the total photon luminosity scales «
Hfo. The broken curves are for the simple model of the ISM;
the sclid curves are for the 3-phase model of M%Kee and
Ostriker (1977}); and the arrows Iindicate 1/3 the all-sky
average countling rates. The counting rates predfcted for
the M1 and M2 bands are insensitive to modelling of the ISM

{the broken and solid curves are indistingulshable).

Figurs 2 - The ratic of total luminoslty to photon
luminosity (= r = LTDT’LY) as a function of photon
luminosity, as caltulated for varlicus neutron star aquationa
of stats. The curves labelad x? and 1P are plon condensate
@models and the curve iabeled qa is for a neutron star model
with a quark matter corae. The more conventional neutron
3tar equations of state are represented by the curvas
labeled BPS, PS, I, II, IIB, III, A, and B. Note that 1If
the plon condensate and quark matter equatlons of state are
excluded Lpo /Ly = 1 for Ly § 1032 arg a7, cCurves x2, q%,
BP8, and PS are from the calculatlens of Yan Riper and Laamd
{1981); curves P, I, II, IR, an¢ [Il are from the

calculations of Richardson etal. (1982); and curves A and B

are from the calculationa of Taurata (1979). For all the
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calculations except those represented by curvea A and B, the 2 “1
. Cin_jR5counts s7')
magnetic fleld was assumed to ba zero. Although including

the effects of magnetic flelds increases the uncertaintias

in the agcoling calculations, atrong magnetie fields (B >

12
10°°G) tend to systematically decreasas LTOT/LT‘
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