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A B S T R A C T . T h e c o m b i n a t i o n o f t h e o b s e r v e d d i f f u s e r a d i o and ha rd 
X - r a y emis s ion from c l u s t e r s o f g a l a x i e s i s used t o e s t i m a t e l o w e r l i m i t s 
on t h e i n t r a c l u s t e r m a g n e t i c f i e l d s t r e n g t h or uppe r l i m i t s on t h e e n e r g y 
d e n s i t y o f t h e cosmic i n f r a r e d b a c k g r o u n d r a d i a t i o n . 

1. Magnet ic f ie ld est imates in c lusters of g a l a x i e s 

T h e d e t e r m i n a t i o n o f t h e m a g n e t i c f i e l d s t r e n g t h in c l u s t e r s o f g a l a x i e s 
i s v i t a l t o our u n d e r s t a n d i n g o f t h e p h y s i c s o f h o t g a s in c l u s t e r s 
b e c a u s e i t ( 1 ) p r o v i d e s a d d i t i o n a l p r e s su re , ( 2 ) c o u p l e s cosmic r a y 
p a r t i c l e s t o t h e i n t r a c l u s t e r g a s , ( 3 ) i s a s e e d f i e l d f o r d y n a m o a c t i o n in 
c l u s t e r g a l a x i e s , ( 4 ) c o n s t r a i n s t h e h e a t c o n d u c t i v i t y in c o o l i n g f l o w s , ( 5 ) 
i n f l u e n c e s t h e s t a r f o r m a t i o n p r o c e s s in c o o l i n g f l o w s . 

A n uppe r l im i t t o t h e m a g n e t i c f i e l d s t r e n g t h in c l u s t e r s o f g a l a x i e s 
i s p r o v i d e d b y t h e v i r i a l t h e o r e m ( C h a n d r a s e k h a r , 1961 , p . 5 8 3 ) . F o r t h e 
e x i s t e n c e o f a s t a b l e e q u i l i b r i u m i t i s n e c e s s a r y t h a t t h e t o t a l m a g n e t i c 
e n e r g y o f a s y s t e m d o e s n o t e x c e e d i t s n e g a t i v e p o t e n t i a l e n e r g y , y i e l d -
i n g 

[<B2> Γ / 2 < M IT 2 [6 q G ] 1 / 2 

L a v J 

= 1.2 1<T5 G (M/8 1 0 1 4 M 0) (R/3 ΜροΓ
2 (q/1) */2 (1) 

fo r p a r a m e t e r s t y p i c a l f o r t h e Coma c l u s t e r . 
A l o w e r l i m i t to t h e m a g n e t i c f i e l d s t r e n g t h i s o b t a i n e d b y combin ing 

m e a s u r e m e n t s o f t h e d i f f u s e r a d i o and hard X - r a y f l u x e s . Rad io emis s ion 
i s mos t l i k e l y s y n c h r o t r o n r a d i a t i o n from a p o p u l a t i o n o f r e l a t i v i s t i c 
e l e c t r o n s w h i c h t r a v e r s e t h e i n t r a c l u s t e r m a g n e t i c f i e l d . By i n v e r s e 
Compton s c a t t e r i n g t h e t a r g e t p h o t o n s o f t h e cosmic m i c r o w a v e b a c k -
g round r a d i a t i o n ( t e m p e r a t u r e T 0 = 2.7 K, e n e r g y d e n s i t y w B = 0.25 e V 
c m " 3 ) and a d d i t i o n a l ( e . g . i n f r a r e d ) r a d i a t i o n f i e l d s ( t e m p e r a t u r e T i , 
e n e r g y d e n s i t y W j ) t h e same r e l a t i v i s t i c e l e c t r o n s p r o d u c e ha rd X - r a y s . 
S ince i n t r a c l u s t e r so f t X - r a y emis s ion i s p r e d o m i n a n t l y t h e r m a l , e v i d e n c e 
fo r i n v e r s e Compton s c a t t e r e d X - r a y s shou ld be l o o k e d fo r m a i n l y in t h e 
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ha rd X - r a y band , a t e n e r g i e s 40 k e V and h i g h e r ( R e p h a e l i , 1979, 1 9 8 8 ) . 
R e c e n t l y , H E A O - 1 A 4 d a t a o f s i x A b e l l c l u s t e r s h a v e b e e n a n a l y z e d 
( R e p h a e l i e t a l . , 1987; R e p h a e l i and Gruber , 1 9 8 8 ) . T h e r e i s s t r o n g 
e v i d e n c e o f d i f f u s e r a d i o emis s ion from t h e s e c l u s t e r s , so ha rd X - r a y 
e m i s s i o n shou ld be d e t e c t e d a t some f l u x l e v e l . But due t o t h e i n s u f -
f i c i e n t s e n s i t i v i t y o f t h e A 4 d e t e c t o r s , w e h a v e o n l y uppe r l i m i t s on t h i s 
emi s s ion . 

T h e d i f f u s e r a d i o emis s ion from c l u s t e r s o f g a l a x i e s i s d e r i v e d b y 
m e a s u r i n g t h e t o t a l ( p o i n t sou rce and d i f f u s e ) emi s s ion w i t h t h e 1 0 0 - m 
E f f e l s b e r g r a d i o t e l e s c o p e and s u b t r a c t i n g t h e p o i n t sou rce c o n t r i b u t i o n 
b y u s ing V e r y L a r g e A r r a y o b s e r v a t i o n s . Fo r t h e c l u s t e r s A 1 6 5 6 ( C o m a ) 
and A 1 3 6 7 as w e l l as A 2 3 1 9 t h i s has b e e n d o n e b y S c h l i c k e i s e r e t a l . 
( 1 9 8 7 ) and S i e v e r s ( 1 9 8 8 ) , r e s p e c t i v e l y . T a b l e 1 summar izes t h e a v a i l a b l e 
b e s t r a d i o and ha rd X - r a y d a t a fo r s i x A b e l l c l u s t e r s . 

We can use t h e H E A O - 1 upper l i m i t s t o s e t a l o w e r l i m i t on t h e 
m a g n e t i c f i e l d s t r e n g t h as f o l l o w s . C o n s i d e r a r e l a t i v i s t i c e l e c t r o n 
d i s t r i b u t i o n ( y : L o r e n t z f a c t o r ) 

(2 ) 

in a s p h e r i c a l ( r a d i u s R ) h o m o g e n e o u s source a t d i s t a n c e d w i t h t h e u n i -
form l a r g e - s c a l e r andom m a g n e t i c f i e l d Β and t h e r a d i a t i o n f i e l d s ( w B , T 0 ) 
and ( W j . T j ) . T h e s y n c h r o t r o n , I R , and i n v e r s e Compton , I x , f l u x e s a re 

(3 ) 

w i t h ( B / 1 G ) Hz and 

and 

( 4 ) 

(5) 

( 6 ) 

w i t h 

From t h e r a t i o L w e can d e d u c e w i t h e q s . ( 3 ) and ( 5 ) t h a t 

( 7 ) 

F o r a d i s c u s s i o n on t h e r e l a t i o n o f t h e " s y n c h r o t r o n - i n v e r s e C o m p t o n -
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volume-averaged" magnetic field strength to the local mean and RMS 
magnetic field value we refer the reader to the work of Cowsik and 
Mitteldorf (1974) and Rockstroh and Webber (1978). 

Table 1 . Radio and hard X - r a y d a t a , e s t i m a t e of B m i n and W e , m a x f o r H j = 0 

C l u s t e r ζ Radio f l u x a ^ Radio Re f . 2σ upper l i m i t on Ref . B m i n ^ ( G ) ϊ β ( ( η 3 χ ^ 
(Jy) r a d i u s f l u x a t 30 keV (Jy) ( e r g / c m 3 ) 

A 401 0 .075 2 . 0 - 1 0 1 1 1, -1 .4 15" 1 3 . 8 ' Ί Ο - 7 6 4 . 0 · 1 0 ~ β 2 . 0 · 1 0 - 1 3 

A1367 0.0213 ( 7 . 4 * 1 . 5 ) · 1 0 6 y - O . 8 6 * 0 . 1 2 16* 2 4 . 2 · · 1 0 " 7 7 5 .6 • ί ο - » 7 . 7 - 1 0 - 1 3 

A1656 (Coma) 0 .0235 ( 1 . 7 * 0 . 5 ) · 1 0 1 2 y- 1 . 4 2 * 0 . 0 6 20* 3 4 . 8 · • Ι Ο " 7 7 1 . 1 · 1 0 " 7 2 . 6 - 1 0 " 1 3 

A2255 0 .080 1 . 7 · 1 0 1 4 4 ' 4 2 . 4 · · 1 0 ~ 7 6 1.2 • Ι Ο - 7 7 . 0 - 1 0 - 1 2 

A2256 0 .060 6 . 5 - 1 0 1 * ^ Ι . β 5' 5 1 .0 · • Ι Ο " 7 6 1.5 • Ι Ο " 7 3 . 0 - 1 0 " 1 2 

A2319 0 .0529 ( 5 . 7 * 0 . 9 ) · 1 0 1 2 y- 1 . 4 6 * 0 . 15 1 0 ' 2 4 . 4 • Ι Ο " 7 7 1 . 1 • Ι Ο " 7 ι . ο · ι ο - 1 2 

Notes : a) ν i n Hz 

b) from Rephael i e t a l . ( 1 9 8 7 ) , Rephae l i and Gruber (1988) 

References: 1 Roland e t a l . (1981) 
2 S ievers (1988) 
3 S c h l i c k e i s e r e t a l . (1987) 
4 H a r r i s e t a l . (1980) 

5 B r i d l e e t a l . (1979) 
6 Rephae l i and Gruber (1988) 
7 Rephae l i e t a l . (1987) 

2. Results 

2.1 No additional radiation fields w i = 0 

If all other radiation fields besides the microwave background are 
negligibly small ( W j * 0) eq. (7) readily yields a lower limit for the 
magnetic field strength B m i n , which then can be used in eq. (3) together 
with the angular size (« R/d) and the distance of the cluster (from the 
redshift) to infer an upper limit on the number density of relativistic 
electrons N 0 < N m a x . Integrating eq. (2) then yields an upper limit on the 
energy density of relativistic electrons 

N m a x m e °2 2 - p 

^ e ^ ^ e « . ι in ( 8 ) e B m a x p-2 m i n 

with 

y r a m - 10 ' [10-*cm-X
/2

 [ l + 0.1 [ % ) 2 ] (9) 

being fixed by the equality of Coulomb and radiation losses of the rela-
tivistic electrons in the cluster, and only weakly dependent on the 
cluster electron gas density n. Table 1 summarizes the resulting estimates 
after Rephaeli et al. (1987) and Rephaeli and Gruber (1988). 

It is interesting to note the dependence B m i n « L ~ 2 / ( 1 + P) in eq. (7) 
which in case of A2319 yields B m 1 n <= L~

0* 4 1. A factor 10 improvement on 
the value of L by more sensitive X-ray observations, would raise the 
value of B m i n by a factor of 2.5. 

2.2 Additional radiation fields w 1 > 0 

The presence of additional radiation 
photons would raise the estimate of 

fields in clusters as e.g. infrared 
B m i n D V t R e factor in the square 
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b r a c k e t s in e q u a t i o n ( 7 ) w h i c h f o r ρ = 3.92 as c h a r a c t e r i s t i c f o r A 2 3 1 9 
i s s h o w n in F i g u r e 1 as a f u n c t i o n o f t h e r a t i o ( W j / w B ) f o r v a r i o u s 
v a l u e s o f TV T h i s f i r s t d e m o n s t r a t e s t h a t B m i n ( w i = 0 ) i s a t r ue l o w e r 
l i m i t . 

W/WB 

F i g u r e 1. I n v e r s e Compton 

c o r r e c t i o n f a c t o r a c c o u n t -

i n g fo r t h e p r e s e n c e o f 

a d d i t i o n a l p h o t o n g a s e s 

as a f u n c t i o n o f t h e 

e n e r g y d e n s i t y r a t i o 

( W | / w B ) f o r v a r i o u s 

v a l u e s o f T i in c a se o f 

c l u s t e r A 2 3 1 9 . 

On t h e o t h e r hand , r e l a t i o n ( 7 ) can a l s o be used t o d e r i v e an upper 

l i m i t f o r a d d i t i o n a l r a d i a t i o n f i e l d s w i t i f t h e m a g n e t i c f i e l d s t r e n g t h Β 

can be i n f e r r e d b y some o t h e r o b s e r v a t i o n a l m e t h o d as e .g . t h e F a r a d a y 

r o t a t i o n s t u d i e s b y Kim and K r o n b e r g ( 1 9 8 9 ) and V a l l é e e t a l . ( 1 9 8 7 ) . In 

c a se o f t h e cosmic i n f r a r e d b a c k g r o u n d r a d i a t i o n t h i s has b e e n r e c e n t l y 

e m p h a s i z e d b y R e p h a e l i and S c h l i c k e i s e r ( 1 9 8 8 ) . Fo r a m a g n e t i c f i e l d 

s t r e n g t h e s t i m a t e Β = 2 - 1 0 7 G m c a s e o f A 2 3 1 9 ( V a l l é e e t a l . , 1987) one 

f i n d s f rom F i g u r e 1 t h e uppe r l i m i t s 

5.6 for T i = 3000 Κ (*m = 1 Αβη) 

1.8 for T i = 300 Κ 10 /im) (10) 

0.7 for T i = 30 Κ (Am = 100 /im) 
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BURNS: How d o e s y o u r e s t i m a t e o f t h e B - f i e l d from i n v e r s e Compton 

a r g u m e n t s compare w i t h t h a t f rom e q u i p a r t i t i o n c a l c u l a t i o n s ? 

SCHLICKEISER: T h e e q u i p a r t i t i o n v a l u e l i e s w e l l b e t w e e n my e s t i m a t e o f 

t h e l o w e r and upper l i m i t o f t h e m a g n e t i c f i e l d . In c a s e o f Coma I r e f e r 

y o u t o F i g u r e 1 1 o f S c h l i c k e i s e r e t a l . ( 1 9 8 7 ) w h e r e H e q — 2 M G , H m a x = 

1 2 ßG and H m i n = 0 . 1 ßG. 

KIM: In y o u r p a p e r in 1 9 8 7 y o u r e n d e r t h e s p e c t r a l s t e e p e n i n g , e s p e c i a l -

l y a t h i g h f r e q u e n c i e s , t o t h e i n - s i t u p a r t i c l e r e a c c e l e r a t i o n . I n d e e d , t h i s 

e x p l a n a t i o n i s p o s s i b l e , bu t c o n v e n t i o n a l l y t h e s p e c t r a l s t e e p e n i n g i s 

t a k e n as a s ign fo r a g e i n g o f p a r t i c l e s . T h i s means t h a t t h e more e n e r -

g e t i c p a r t i c l e s l o s e more e n e r g y t h a n g a i n e d . What k i n d o f p a r t i c l e r e a c -

c e l e r a t i o n do y o u t h i n k p o s s i b l y i s g o i n g on in t h e i n t r a c l u s t e r medium? 

SCHLICKEISER: In a s t e a d y - s t a t e c a se s y n c h r o t r o n a g e i n g s t e e p e n s y o u r 

i n j e c t i o n spec t rum q « E ~ s t o Ν « E " ~ ( s + 1 ) , so y o u w o u l d n o t g e t an 

e x p o n e n t i a l cu to f f . C u r v e d s p e c t r a o n l y r e s u l t f rom n o n s t a t i o n a r y c a l c u l a -

t i o n s w h i c h , I t h ink , do n o t a p p l y to t h i s s i t u a t i o n . P a r t i c l e s can be 

a c c e l e r a t e d i n - s i t u b y t h e t u r b u l e n c e and t h e bow shocks g e n e r a t e d b y 

r andom m o v e m e n t o f t h e c l u s t e r g a l a x i e s and g a l a c t i c w a k e s . I t h i n k t h e 

e x p e r i m e n t a l e v i d e n c e , e s p e c i a l l y a t h i g h f r e q u e n c i e s , f a v o u r s t h e i n - s i t u 

a c c e l e r a t i o n mode l . 

SHUKUROV: T o w h a t p a r a m e t e r o f t h e m a g n e t i c f i e l d r e f e r y o u r e s t i m a t e s 

- t h e t r u e l o c a l f i e l d s t r e n g t h , t h e r .m.s. f i e l d , or s o m e t h i n g e l s e ? 

SCHLICKEISER: I t r e f e r s t o t h e v o l u m e - i n t e g r a t e d m a g n e t i c f i e l d s t r e n g t h 

w e i g h t e d w i t h t h e s p a t i a l d i s t r i b u t i o n o f r e l a t i v i s t i c e l e c t r o n s 

< N e B ( P + 1 ) / 2 > . I f t h e s p a t i a l d i s t r i b u t i o n s o f r e l a t i v i s t i c e l e c t r o n s and Β 

a r e c o r r e l a t e d , t h i s i s d i f f e r e n t from t h e l o c a l f i e l d and t h e r .m.s. f i e l d , 

as has b e e n e m p h a s i z e d e a r l i e r b y Wol t j e r and C o w s i k and M i t t e l d o r f in 

t h e e a r l y s e v e n t i e s . In our c a l c u l a t i o n w e a l s o assumed t h a t t h e f i e l d i s 

r andom on l a r g e r s c a l e s , i . e . l a r g e compared t o t h e La rmor r ad ius o f t h e 

r a d i a t i n g e l e c t r o n s bu t smal l compared t o t h e s i z e o f t h e c l u s t e r . T h a t 

seems t o be j u s t i f i e d in l i g h t o f t h e F a r a d a y r o t a t i o n m e a s u r e m e n t s ( s e e 

t a l k b y Kim and K r o n b e r g ) . 
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