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Since about 1890 people have been trying to detect radio em1551on

- -

.'g..:

"~ from stars, began1ng w1th our own Sun. However, 1t was not untzl,the .

1940's that Reber,_Southworth, and Hey independeﬁtly detected‘radiO'emiesion

from the Sun. Only during the last decade have_any other radio stars been

" discovered. Between the 1940's and the early 1960's, radio astronomers

had the habit of calling eny new radio source a radio star. However, the

’,

- data eventually showed that in all cases these sources were not single

gravitationally‘bound<bbdies, as'are‘éll starsy by definition;

- To apprecxate the problem of detectlng radio stars, let us consider».‘

the simple relat}onship between,flux den51ty, Sv (in flux units, 10 26Wm 2Hz 1)

- and brightness temperatufe; TB (in °K) for a uniform source of solid angle

o RS (=vn82[4 where 6 is an equivalent disc diameter):

S |
S, = B , | W
1970 A S

“Im equation (1) 8 is measured in arcseconds.

One of the most sen51t1ve radio 1nstruments presently avallable is the

NRAO 1nterferometer for whlch the minimum detecteble £lux den51ty is 0. OOS flux

unlts for eight hours of observing. Therefore, for a source to be detectable

| . ‘.Sv 2 0 005
and'uSing equation (1)

2 2

L Tg 073 9.9%, @
°r>r. T 62 > 135 at 3.7 cm
, o L o .
2 ' ' (3)

T, 67 2 1210 at 11.1 cm



The optical sizes of the stars with the largest apparent diameters
,(the red supergiants) ate,at the most 0.”05; hence for these one needs
- Ty 2 -,53,.ovoo°'1< oat 3Jem
‘T, 2 484,000°K at 11.1 cm '-
Normal process on the surfaces of stars easily produce TB < 10 °K but
it is dlfficult to produce larger values of TB ;
Some processes W1th larger TB are known on the surface of the Sun
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" Fig. 1-1(b) The spectra of different components of solar radio exmssxon, plotted
in terms of brightness temperature. To calculate the brightness temperature,
the source area is assumed to be as follows: the optical disk for the quiet sun; the
sunspot area for the slowly varying component; and estimated mean areas based
upon available observations for the bursts and storms (After Smerd 1964s).
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The above figure shows the bfightness temperatures for some of the major

~ types of radio emission for the Sun.
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= Quiet Sun -'chronosphere and coronal thermal emission,

"Slowly varying component - radio emission associated with sunspots

~or plages .a‘-

Storms --non—thermal em1531on with tlme scales of hours to days. At

sunspot maxlmum, in: progress abont 107 of the time
‘vaadio bursts - short lived non-thermal events Wlth time scales of a few

' ;.minutes to hours, -

4 tUnfortunately, the quiet Sun at lO cn couln be seen onlf if closer then
'gO 07 pc, the slowly varying component could be seen only at less than 0 l pc,"

ﬁlliand very strong bursts could be Seen only w1th1n 2 5 pc. 3V'”'

The nearest star, Prox1maCentauri is only 1. 3 pc away.x You-thus oant':

}’see that onlybunusual processes'are llkely to produce a radlo star.: Theuworst '

”r.problem with stars is that 6 is always rather small hence it takes a fantastrc

']Q_T to make up for thls.'

.i Despite alI thlS, there are now flve (or more) dlfferent types of

. :radlo stars.: B

"-usfFLARE‘sTARs..

, Certainvred &warf starshsre hnonnlto inerease their.brightness‘radicnllyv
for brief periodsvof time‘(typicallfva.few hours). These objects are called
!flere stars;fsnd the flaresvthey erhibit conld be more intense versions ofvthe

. nell knonn solar flares. Since the solar flares are accompanied hy intense
. radio bursts, the possibility'of &etecting these flare stars led British and.
Australian radioastronomers to monitor them~extensively in‘the last decade.
v‘ﬁuring several thousand hours of observing time, these investigetors hsve' |
'fonnd several cases of simultaneous radio and optical flares for a few stars;
notably UV CETI, YZ CANIS MINORIS, and V371 ORIONIS. These were the first

true radio stars.



|  vf0né of thé bé$£ egamﬁles:ié the flaré,df Yz CAﬁIS KINQRIS sﬁown'bélsﬁ.
The intéfprétatidn'§f gadio.fl;re stars i#-g;iIIIQuitevgnceftain. Theyé'
" have been4attemp£s_totattribute tﬁe radio eﬁiésion_to shock waves moving through‘é-
éofdn;, or to nbn;tﬁefmalifla:e pheﬁoﬁena like the.radio bursts on the Sun. -
There i$ thé difficulty,‘$cwever, that' the Brightnéss fempérétures are at 1eas;v:

s . = S ) S _
S?K in some cases. This is a few orders of magnitude ‘greater than has

10

been observed on the Sun.
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NOVAE
Some stars are subject to eXpiosive activitj in which they blow off part
| of their atmospheres. The m@ss which is ejected, perhaps 10.-5 of fheir total ‘
mass,liévthrown_of violently with velécities which typibally reach iOOb km/séé.
A‘These stérs, called novae, were first detected as radiO»stars by ﬁyself and -
'C. M. Wade in June l97b with the Green Bank i;terferometer. Three novae:
Nova Delphin# 1967, Nova Séfpentisu1970, and ﬁova Sgﬁti-1970 have so far

been detected.



" Data for about 1-1/2 years of observations. of Nova Delphini 1967'§nd -
Nova Serpentis 1970 are"plottéd as a fﬁnctioﬁ of t, the time since initialf

AoutburSt; Most of the measurements are at 3 7 and 11 1 cm, but several measure*

e N

v-ments at 0. 35, 0. 95, and 1.95 cm were made at various times. The solid

curves are“thg fits to aAthermal model in which em1531on measure, E, andj,
301idvéngle; Qs are‘varyihg.as fuﬁctions éf”fime; ;Ihe followiﬁg are tﬁe
'~'Solgcions'for‘the paraméters: . S |

'7ff ﬁOVa.Serpentis 1970z ' ”';'5351?11;{}?f52;5f{f:‘

D B

12+02(l—e ) fau.
S22

s3' = (o 08 + 0. 1) t

| 1:= (.02 +,o.2) '2 6%70.3 G
Lo T ' 3 7 -
o fe. 0 o tl'? :
E «a t-?'6_
A':'gf;?8§§a Delphini 1967: ‘
S8, o= (0.16 + 0.02) to“' ¥0.2 ¢a.
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. . -
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f.e. Q « to'4
s
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For free expansion of a nova shell
Q o t ’
s
for one-dimension expansion
Q a t
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"r “,_Hence we:séé £b§ﬁ the ékpansioh‘bf Nova Serpentis.1970_is slightly confined

f’_in at léést>one dimension. However, Nova Delphini 1967 must be somewhat

confined in its expansion for all directions.

.Fﬁttﬁef'anaiysis of this data is still underway. ‘Recent‘data}indicate

.

i  ”'5thh Novaeﬁmay have become resolvable. If so, we will soon haveidistances[

determinable'By‘the radio data.

NS S

oty



s s 0+ et 1

10} —

3 -
(o]

S, (107 Wm2Hz™")
o

1072

060

A L I .'. T .: .1 B [ B T - : | I

LB AR

T

0.35 cm
0.95cem . .
3.7 cm

Il em

e 0 x b

v llIITTl

ot avased oL

- ‘ NQ'\;/‘A"SERPENT(S ,1970 L

111 rlxld

e

1t 1t e

1 Lljlll"‘ 1

1

18 .

A
O



TO_O; | 1 — x l 1 ‘4 s - l.'_-
RS " NOVA DELPHINI 1967

EEERINE RN

T T T TTTT
I

5 _,
S,
ronl
KA
KA
K
|

lll]l’

1

T

e
2>}

1072 R P
8 035¢em
. x 085¢cm
e 37 ¢cm
ove L]l em

S, (107 wm™2Hz ")

T -l I HHI
111 nnl

.
|

i

L 30 . 32 34 . 36 38 - 40 - 42



RED SUPERGIANTS

. red superglant. However,'agaln the result is not reproduc1b1e.

This type of radlo star must be placed in the maybe category. Kellernan

and Paullny-toth have reported a p0531b1e flare in the red supergiant called

Betelguese (o ORIONIS). On Fcbruary 21 1966 they found a flux of

0.11 ¥ 0.03) f.u. at a wavelength of 1.9 cm. No 81gnal was found however,

1on eleven followinghnightst

‘ In-addition, Seaquisc reported a possible detection-of I AURIGAE,'another

.

Thls non—reproduc1b111ty is the curse of this subject. We know now that

' 'every known radio star is varlable and some are erratlcally varlable, hence it

:f_may beudlfficult to obtaln a particular flare on a particular star.

>': ANTARES B

Extensive observations of Antares, another red supergiant have produced

- an unexpected result and a new type of radio star. Observatlons at ll.l cm.

by myself and C M. Wade on the NRAO 1nterferometer have shown that in March

June ‘and November 1970 Antares had a flux den31ty of 0. 005 + 0.001 flux units.
In June the flux. at 3.7 cm was less than 0. 003 f. n.i On June 1, 1971 the Antares
radio source was flarlng at 3.7 cm to a level of 0.0ll + .002 f.ﬁ.‘ A month
later it was again less than 0.005 f.u. at this wave-length. |

The surprise lnherent in this data was that the radio source was.not
Antares A. the red supergiant, but rather was Antares B,.a B3V blue companion
3".2 from the supergiant. lhe following table and 8-3.7 cm map of the source

proves this.
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" FLUX-DENSITY MEASUREMENTS OF THE ANTARES RADIO SGURCE
. ) F1ox Densiry (flux un‘itvs)“ . -
Darzor . " e ANTENNA SeACINGS
_ ; Ossravarion - 1l.lem 3.7 em. (meters) _
Ce 1970 March 25.......... " 0.005+0. C e 900, 1800, 2700
s T ' 1970 June 4............. : . <0.003 - 900, 1&09, 2700
- 1970 November 12 L0050, . ¢ 900, 1800, 2700
. . 1971 Jupnel............. 0.011£0.002 900, 1800, 2700
. 1971 July 8............. : . <0.005 109, 1800, 1900 -
® Not odserved st 3.7 cra oa these dates.
hy . o .-.26.';’00.’- ‘.' : ’ ,' ‘. . o l ' - ‘f.. = .
g RESPCNSE TO & b
. s1 ] pouwT souRce
L ~zeussh . . -
: [ “ANTARES & 4 ]
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! /t\mtuts 8 o -
- o ezeisot ’ -
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. . e e . . 21 . . 20° 9’
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- Fic. 1.—Aperture-synthesis map of the Antares radio source, derived from observations at 3.7 cm on.
1970 June 1. The uncertainty of the placement of the radio contours is about 1” in each coordinate. Co-
ordinates are for the epoch 1950.0. Co. - — . : :

Whereas a igdAsufergiant is véfy.large,-a BSV's£ai is've;y‘sﬁail.l
VHeﬁce fantastic brigﬁfness temperétures arévprobébly neédéd fo.prodﬁC¢vthé
ia&io emission. N | | .

' “The variablelradio source may‘also be related to a long known éptigal
anoﬁaly of tﬁe blue star: sharp.forbiddeﬁ‘emission 1ine$ of Fell and ﬁiII
with no other emiséion lines. This is physicall& very hard to ekpléin

beéaﬁse anything that e#cites these- lines should excite‘hydfogen
v:lings; | | |

The answer to both anomalies seems to be.unusual'particle steaming

in the atmosphere of the B star.
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" Radio Binary Stars

MTﬁe most important contiibution Antares B has ﬁade to the rédio étér
"business is the clue that matter streamlng in blnary systems might be

important. Follow1ng up this clue, the ec11p31ng binary 8 Persei (Algol)
was 1mmed1ate1y detected in October 1971. Several days later another

famous binary star, B Lyrae, was found to be a radio star. The following;

table shows the datalébtained for these relatively weak radio stars.

. Table 2 Times of Observation and Flux Densitiss

g O : Flux density

: 'Star Da(e SUT - (1072 W m-? Hz"!)
- ‘ 2,695 MHz - 8,065 MHz
5?6:5:! Oc1. 23, 1971 0543-1106 0.006+0.004 0.015=0C.005

Oct. 31 . 0435-0330 0.0i470.003" 0.019-0.003

- Nov. 6 - 26104 <0005 0.010=0.023

- Nov. 7 0247-10+1 0.011 -0003 0.012=0.003

= Nov.8 - 0243-1037 <0.005 0.015=0.003
- Nov.9 0239-0459 0.0i1240.005  0.005=0.005

. .o Nov. 10 0235-0756  <0.005 - 10.010=-0.003
* P Lyrac Nov, 4-5, - ST L .
. 1971 22400241 0.006+0.00% 0.015+0.004

Nov.56 23390011 <0005 .. 002020005
T Nowv.7 0018-0232 - <0.005 - 0.015=0.005
“Nov.7-8 .+ ASI-165 400 0.011 +0.004

g .- -8 s <O . 0.01120.
: U Nov.8-9 23130034 <0.005 0.013+0.004
. Nov.9-10  3135-0230 <0005 0.015= 0.00S

:Aﬁ extensive study of Algol; B Lyrae, and about 50 other similar binary
systems in Jan.-Feb. 1972 produced the foliowing results:
1. Algol was undergoing extensive flaring up to leves of 0.34 f.u.

2. 8 Lyrae weakened and went below the detection limit, thus proving -

it is variable.

3. No other binary, even though many are similar in every way, was
detected. '

The.following tyo figures summarize the data for Jan.~Feb. 1972 and
- compare it with the optical eclipse cytle. No obvious correlatibn can be

found.
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H-'f;n.‘emost-in:teresting -I;ro;"erty‘o.f 'Algol' as‘ a radio star is the‘.‘eharia‘.oteristie '
flereibeﬂavior,,particulerly in spectral inder The following two figures give |
-details on some of the stronger flares and a schematic representation of a
'v_‘.typical flare :ls ‘shown. . _
“The data can v1rtua11y a11 be fit by aithermal bremsstrahlung model. 'The:.’A
.;1.frequent a=20 behavior is easily explainable only by an Optically thin model. |

- Further, during peak flares one can use a sllghtly optically thick model to

i 'ﬁnd that - . R

‘ﬁffT - 108°K‘
e
';'N . 1010 ch-Bﬁ.
Y o"01

Thus Algol should be a transient X-ray source.
' The above parameters 1mply a mass loss rate of the order of 102 ‘g/sec

edurlng peak flaring. With a duration of about a year, this means '\alO27 5

,Q. mass loss. Since the mass in stars is n 2 X 1033.g, this is a few patts

in 106 of the whole mass of the binary. This shoeld oroduce a compareble J
fchange in period B

“ flgterestingly; Algol is knowo to undergo period discontinuities of the

" order of a few parts in 106 roughly once every 30 years. Ths last known

one was in 1942. Hence it was due this year.
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:Pulsars’arebtrue radio stars, Because they have been a subject of special

". lectures this summer I will not discuss them.

a radlo source and in 1969 Ables obtained data indlcating it was a variable = f, -

X—RAY‘STARS ‘_'_ R R i . '
.One of the most 1nteresting developments of the last year is the

coupllng between X-ray astronomy and radio astronomy because of the fact that

.”f many X—ray sources are radio stars.~°'”

o

: It all began with Sco X-l. In 1968 Andrew and Purton found it was a 1'

: » Tn .quo
source. I and C M. Wade entered the sub;ect.last_year and have had a great

fff deal of fun since then. The first thing we found by using an interferometer

' which could accurately place radiatlon in the fleld of view, was that

,: Sco X—l is a triple radio source with the components arranged in a 1ine. N

The next page shows a map of the source. Ihis is reminiscent of one of the

: ma;or unsolved phenomena 1n‘radio astronomy: why do double sources tend to o

be arranged on opp051te 51des of 1nterest1ng obgects.
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Fxc 2-\Iap of the Sco NX-1 ficld, derived from ob<cnnmms during 1971 Fchrmn, March, and

posmou angle 29° 'lhc coordma.le "nd is for the epoch lsu) 0.

.

...

Apnl Position of the X-ray star is shown by an X. Diavonal line throu;,h the compouent sources is at

Indeed the central source sits exactly on the pecullar star 1dent1£1ed

much as two orders of magnitude in a few hours.‘

Furthermore, the central source varies in flux by as'

Nobody yet understands‘thisi

radio source, which appears to be non—thermal with a very varlable spectral

i

zgdex.

 Some oages of data on the time variations of this source follow.
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"; The idea of huntlng for other X-ray sources by 1ook1ng for radlo variables

B in the relatlvely large X—ray error boxes has lead to a namber of successful
E detections and one 1mportant 1dent1f1cation.
- GX17+2:~ A lovely Sco X-1 11ke flare was detecced for this obJect o

"Tnhy 27 1971. The fact that it appeared and disappeared

- is shown beautifully by, not - only the map, but by the

”v.'amplltude and phase data for two different days. ‘

CF T v T 1 n
. . : Y ) O : J
IR : . GXITe2
ST =14002" Moy 27,1971 -
-14°03'}- .
- caL
2 1 ' t.' - 1 - :1 ' Vx‘ ) l I3 - ! 1
- 16 : 145 VA o 0% ..08% 06t
' 18hizm

Flc 1.—Manp of the radio source appearing in the GX 174-2 ficld on 1971 \Iay 27. The cu*dc repre- .
sents the error limit of the MIT N-ray position (with the 4’ colhmator), the polygon rcprescnls the

error limit of the Uhuru .\-ray position.
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CYG X-‘-‘ltb The j;deﬁtificaﬁion o.'f: a fadio '4c"61vzlnterpar-:'t‘: to CYCvX;I'.ﬁas vma‘gievix»x_— |

| de‘penden:tiyv with the Gfeen. Bank interfefométex;‘.‘ar;d ‘;ﬁe West}ér_bo-rk.'v :

varray.f . The following ivs t:he..G‘B> 11.1 cm map of ‘the_ source. The |

accurate fadio posit‘io.n led to aﬁ .identificatj".o‘n. t'vit;n,‘HDE 22‘6868-
'a”js'.pec‘tr‘osc’opic Binafy t;vit;h a BOIb étaf.aﬁd a Anear]..y‘ invisible

- _t‘;ompaniofx. Recent work has found a wéak helium emission .liné :

..as‘so;iated with the "other" object;'. If'.this 'data‘ is confirmed,"
Althe;‘ma‘ssA of ‘tﬁe “other" stér is: 15 sola‘rvm,a'sses, and would be

‘ indeed a' "“black hol.e"._v'

PR

PO A S Y . .-

.lAr‘l'.lll]lllX‘l'lll‘l l‘lllll;‘llllli‘l‘l LB} l
o ’35.06.'; . ' ‘ i ’ .. . ' TN . 1 Response 10 1 . .'.
L CYG X-1 . e e o | ,-
*35°04° - :
_*35°03%’ - )
'.'.o’:.s'oz'l— o s o L .
1.2 l ) N S W | I l‘l LJ‘! 11 Lt l .1t L [ ) S W | 1 j Lt 1 ) 3 T I |

40’ 3s* 30° 25 20’ 1s* 0 | o5t
. 19" s6™ : g
Fic. 3.—Map of the radio source (with the response to a point source in the upper right corner) in

the Cyg N-1 field, 1971 May 13-June 1. Ellipse shows the error limits for the MIT position; the polygon,
the error limits for the Uauru position.-



:GX9+1£ iﬁ-No§:}157i,ve'weék'radio source apﬁeafediethe e%fdrvbox‘of'thie' i
| X—ray source." . . o | | |
CYG X—3° Thls radlo counterpeft was first detected WIth the Westerbork array.
A It is unusual because " ) - R . ~ |
| 1) «It is the strongest of the redio4stafe,.
2) Its Spectrum is ﬁostly thermal e
3) Mbst of the time it looks just. like B Persei (Algol)
follow1ng two flgures show thls. :

”' Fbst recently we have found CYG X-3 to undergo rapld flaring at mm

“f,_wf‘wavelengths on time scales of minutes.‘_-'




A
.
-

-

. . SIS MAY2 1972 o maYsteTe Lot

v '41‘0 | A } Y T T ].l ‘l !‘b r 1 Y T Y T v' T 1. ‘ , l ' l_‘

. . ‘j' - . = . g . . a. o ) L ‘VJ .0 L B .'.4.5‘.> ‘

Lan OF--o57¢0 @v@*@‘wé °°°°°° 65 OY @‘5““"9‘“ - 00-0 -enssennnantteeciean “""’°°°‘a00v0---4--~°--- R
PP 00 e T 00T { L P g000 00 | 600® i

CERY ety
L o "ol Ve A

-
-
-

) o
-
=
-

oo ,‘: o 0.4 - T ™ T
S (2695 MHz) 021 St
o e~ ‘. 0o 02 °° o

01 - oy v s e T

b . . . . ' -1 o ' . . : .

0
0e00° BRI

™7 Yﬁﬁ
(-]
(-]
-]
1

o
1

¥
1
-

0.6 T 1 T | B T T 1 N - T T “r‘. '.v ' 1 T | - T Y T . ., ‘

!

. 04

5(8085 MHz) 03

rrrt
1
i

T
o
©
. -
Q.
6
0
9
(<]
9
!
Y
3
0

€ 8 10 1z 114 1% & 8 10 12 6 8 10 2 oo

: T uT
uT ~ o »
. ! . .
.- N - .. ’., N
N o '. . v * .
' . - < 3
S : M ‘
,. R ) D :
. . 0 ' v . to St LR
o . . i .
Tt \ : ‘3
K S L DN . -
i ‘ : K " . e 2 oo : ‘ ’
. 5 oo N A Y : N
D . . 3 -
- N ““ N
. . . . . ) o .
B . N 4 \ o
N ¢ X . .",:‘~
A v * N i ¢ T



1,0
4,‘0‘2

- 04

e T e Y

JAN 14 15 1972

PrOVIPY P R NP

Mt nmat e mas i

‘.O ¥
0.0f---v

......................................

SPECTRAL lNDEX

1.0 ."'

b4

$(2695 MHz)

by bbby

0.2

o

0.0

¢ do3 -

0.2

SR NG

R

T L4

* $(8085 MHz)

2 1 A 3 1 ' 1

0.0

0

2 4 6 .
UNIVERSAL TIME

i "'f.:"» [3 PERSEI S

- JAN, !6 l? 1972

SPECTRAL INDEX

“0.0}-gg* erteeiiiecactecciccacrematacesd

d ‘o .

1,0

B o] S——

+++*+

5(2695 MH:)

- f0.2

00 — e

™ T v Y v Y Y T

o (8085 MHz)
0.3k

UNIVERSAL TIME -

T e R R

“-5‘ Ll X X LIPS o N

JAN 22-23. 1972 o

o esimrmarnann (01t 4 P TN

o
: ®

" 0.0kecrcemeaaane- e
Ooo - i o K ) PS ® ® )

N SPECTRAL INDEX

(]

PR

-

S

.. 5(2695 MH)

AR ETERE

:.003— i

| SNt § v T Y T Y T Y

. $(8085 MH2) o

R EEE AR

.
' ew———— -
h ‘.
. -

0.0

20 22 0 2 4
UNIVERSAL TIME

e e e




