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INTRODUCTION

The Einstein Observatory consisted of a focusing X-ray telescope with four focal

plane	 (and one non-focal	 plane)	 instruments [1]. The two imaging focal	 plane
F

instruments were the High Resolution Imager (HRI) with — 4" resolution and N 10 cm2

sensitive area in roughly the .2-2 keV band, and the Imaging Proportional Counter
1!

(IPC) with N 60" resolution and 80 cm2 sensitive area in the .2-3.5 keV band.	 The ?!
^t

focal	 plane spectrometer with the most extensive results on active galaxies is the

}

*Review of literature finished April	 1982
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EINSTEIN OBSERVATORY RESULTS ON ACTIVE GALACTIC NUCLEI*

R. F, Mushotxky and S. S. Holt

NASA/Goddard Space Flight Center, Greenbelt, MD 20771, U.S-A,

ABSTRACT

The Einstein Observatory, by virtue of its increased sensitivity and improved

angular resolution, has increased substantially the number of known X-ray emitting

active galactic nuclei. This has made possible: the detailed study of the relation

of X-ray flux to both the continuum flux in the optical and radio bands, and to the

line emission properties of these objects. In addition, the Einstein imaging

instruments have detected morphology in AGN X-ray emission, in particular from

jetlike structures in Cen-A, M87, and 30273.

The improved energy resolution and sensitivity of the spectrometers onhoard the

Observatory has provided detailed information on the geometry and ionization

structure of the region responsible for the broad optical emission lines in a few

AGN's. Such information, combined with detailed theoretical modelin g and IUE and

optical observations, have allowed us to construct a moderately detailed picture of

the broad line region in these objects.

Solid State Spectrometer (SSS) which had a 6' diameter beam, 160 eV FWHM energy

resolution, and N 100 cm2 of effective area in the .5-4.0 keV bsn d.

Because of the low background per spatial resolution element, made possible by the

focusing optics, the Einstein Observatory had a threshold- 100 times lower than

that of the HEAD-1 satellite for source detection by the imaging detectors and a

threshold for detailed spectroscopy for sources at about the HEAO-=1 limit. However,

because most previous X-ray experiments were most sensitive in the 2-20 keV band,
the overlap in energy band between Einstein and previous X-ray surveys is small.

During its lifetime, the Einstein Observatory looked at over 5000 targets of which N

1000 were active galaxies. In addition to the targets which were selected for

observations, there were °eveval hundred "serendipitous" observations of active

galaxies that were in the N 1 square degree fields selected for other reasons.

SURVEYS

The main result of the Einstein observations of AGN, in our opinion, has been the

confirmation of the ubiquity of X-ray emission from these objects that is, X-ray

emission is now established as a basic characteristic of AGM, This result, combined

with the broad band HEAO-1 spectra, shows that much of the luminosity of the AGN

often appears in the X-ray band. In fact, the several hundred active galaxies

discovered because they were X-ray sources in Einstein imaging fields is a

significant contribution to the total number of known AGN.

The vastly increased data base on X-ray luminosities from Einstein observations has

enabled a number of optical, radio, and X-ray correlations to become well

established. While several of these correlations were hinted at in pre-Einstein

data [2,31 the large dispersions in the correlations require the larger HEAO-2 data

base to confirm them.

A. X-ray and Optical Luminosities. In two large survey papers, 7_amorani et al.

(1981) [4] and Ku, Helfand, and Lucy (1980) [5] (KHL), it was shown that for

o ptically selected AGN with m y < 18.5 and log f  > -12.2 erq/cm 2 sec the optical and

X-ray fluxes are strongly correlated. While there is a fair dispersion in the

relation, the .5-3.5 keV X-ray luminosity L x is typically - .2 of the optical

k
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' luminosity Lo for an AGN. The values range from upper limits of LX4 3x10
-3 L o

 to a

maximum of L	 ^ 3L	 Since the 3.5^50 keV luminosi ty   of an AGN i s usually 3.5 times
Solid State Spectrometer (SSS) which had. a &'	 diameter beam, 160 eV FWHM energy	 ^ itsits	 .5-3.5 keV luminosity, the typical	 intrinsic X-ray and optical	 luminosities are
resolution, and — 100 cm 2 of effective area in the .5-4.0 keV band.

}

Because of the low background per spatial resolution element, made possible by the	 i
Recent work by Zamarani C67 and Reichert et al.	 [7a show that the X-ra y to optical

focusing optics, the Einstein Observatory had a threshold N 100 times lower than
` luminosity ratio decreases as a function of optical	 luminosity, with the higher

that of the HEAD-1 satellite for source detection by the imaging detectors and af
1 umi nosi ty objects havin g

,7
a l ower X-ray to optical	 ratio such that L x a Lo -

7 , 	 s
threshold for detailed spectroscopy for sources at about the HEAO l limit.	 However,

relation appears to hold over roughl y five orders of maqnitude, between low
because most previous X-ray experiments were most sensitive in the 2-20 keV band,

luminosity AGN (Seyfort galaxies) at one end and QSO's at the other, and thus may
the overlap in energy band between Einstein and previous X-ray surveys is small. ;

argue fora continuity of properties between these objects.	 The Lx/Lo relation is

an important constraint on theories of the energy generation mechanism in AGN's.
During its lifetime, the Einstein Observatory looked at over 5000 targets of which N

Such theories must explain why QSO
,
 s have Pbout an order of magnitude less X-ray

1000 were active galaxies. 	 In addition to the targets which were selected for
emission per unit optical emission than Seyfert galaxies despite their strong

observations, there werf 	 ',.eveval hundred "serendipitous" observations of active
spectral	 similarities.

galaxies that Were in the N 1 square degree fields selected for other reasons.

r

.	
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SURVEYS

The main result of the Einstein observations of AGN, in our opinion, has been the

confirmation of the ubiquity of X-ray emission from these objects; that is, X-ray

emission is now established as a basic characteristic of AGN. This result, combined

with the broad band HEAD-1 spectra, shows that much of the luminosity of the AGN

often appears in the X-ray band. In fact, the several hundred active galaxies

discovered because they were X-ray sources in Einstein imaging fields is a

significant contribution to the total number of known AGN.

The vastly increased data base on X-ray luminosities from Einstein observations has

enabled a number of optical, radio, and X-ray correlations to become well

established. While several of these correlations were hinted at in pre-Einstein

data [2,31 the large dispersions in the correlations require the larger HEAD-2 data

base to confirm them.

A. X-ray and Optical Luminosities. In two large survey papers, 7_amorani et al.

(1981) [41 and Ku, Helfand, and Lucy (1930) [51 (KHL), it was shown that for

o ptically selected AGN with my < 18.5 and log f  > -12.2 er q/cm2 sec the optical and

X-ray fluxes are strongly correlated. While there is a fair dispersion in the

relation, the .5-3.5 keV X-ray luminosity L x is typically N .2 of the optical

B. X-Ray and Radi o Properties. Many of the AGN in the initial surveys were radio

loud objects, i.e., L  M 2 x 10-3 L a .	 Several authors have found that the X-ray to

optical ratio is related to the radio flux such that radio bright quasars have about

triple the average Lx to Lo ratio, with Lx/Lo also being a function of the radio to

optical luminosity LR /Lo. Using the objects in the KHL and Zamorani et al. surveys

Setti and Woit,jer [81 have shown that for optically bright AGN's (Lo > 5 x 1044

ergs/sec) Lx/Lo increases roughly linearly with LR/Lo. 'F. Owen and co-workers

[9,101 have shown that for objects selected on the basis of their stronq hiqh

frequency radio flux, LR/Lx shows a very small dispersion. Since the radio emission

is due to synchrotron radiation from relativistic particles these correlations argue

for a component of the X-ray radiation being due to emission from relativistic

particles. These simple facts are complicated by the fact that the Setti-Woltjer

relationship does not hold for low luminosity AGN's and that the Owen relation does

not hold for a sample of optical or X-ray selected quasars. In addition, the

variance in the Setti-Wolt,jer relation is quite large. We believe that this argues

for a non-simple relationship between X-ray emission and relativistic particle

population. KHL [51 argue that synchrotron radiation seems to be the dominant

emission mechanism from the IR to X-ray for nearly all high luminosity AGN, with the

radio bright objects having an additional X-ray emission component due to inverse

Compton processes. Detailed X-ray spectra of BL Lac objects from the Einstein SSS
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luminosity Lo for an AGN. Tht, values range from up per limits of L x= 3x10-3L
0
 to a

maximum of Lx N 3L0 . Since the 3.5-50 keV luminosity of an AGN is usually 3.5 times

its .5-3.5 koV luminosity, the typical intrinsic X -ray and optical luminosities are
similar.

Recent work by Zamorani [67 and Reichert et al. [7) show that the X-ray to optical

luminosity ratio decreases as a function of optical luminosity, with the higher
luminosity objects having a lower X-ray to optical ratio such that Lx a Lo' 7. This

relation appears to hold over roughl y five orders of ma gnitude, between low
luminosity AGN (Seyfert galaxies) at one end and QSO's at the other, and thus may

argue for°a continuity of properties between these objects. The Lx/Lo relation is

an important constraint on theories of the energ y generation mechanism in AGN's.

Such theories must explain why QSO's have about an order of magnitude less X -ray

emission per unit optical emission than Seyfert galaxies despite their strong
spectral similarities.

B. X-Ray and Radio Properties. Many of the AGN in the initial surveys were radio

loud objects, i.e., L 	 2 x 10 -3 L o .	 Several authors have found that the X-ray to

optical ratio is related to the radio flux such that radio bright quasars have about

triple the average Lx to Lo ratio, with Lx/Lo also being a function of the radio to

optical luminosity L R/Lo. Using the objects in the hHL and Zamorani et al. surveys

Setti and Woitier [81 have shown that for optically bright AGN's (Lo > 5 x 1044
ergs /sec) Lx/Lo increases roughly linearly with LR/Lo. 'F. Owen and co-workers
[4,101 have shown that for objects selected on the basis of their strong high

frequency radio flux, LR/Lx shows a very small dispersion. Since the radio emission
is due to synchrotron radiation from relativistic particles these correlations arque	 .

for a component of the X-ray radiation being due to emission from relativistic 	 +

particles. These simple facts are complicated by the fact that the Setti-Woltjer

relationship does not hold for low luminosity AGN's and that the Owen relation does

not hold for a sample of optical or X-ray selected quasars. In addition, the

variance in the Setti -Wol tier relation is quite large. We believe that this arques

'	 for a non-simple relationship between X-ray emission and relativistic particle

population, KHL [51 argue that synchrotron radiation seems to be the dominant

emission mechanism from the IR to X-ray for nearly all high luminosity AGN, with the

radio bri ght objects having an additional X-ray emission component due to inverse

Compton processes. Detailed X-ray spectra of 8L Lac objects from the Einstein SSS
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and HEA0-1 (a subset of radio bri ght AGN) tend to confirm the svnchrotron origin of

.2-4 keV X-rays from these objects. However, at present we do not have X -ray

spectra of even a small sample of radio loud high luminosit y AGN's.

0. X-Ray and Optical-UV Line Emission. It was noticed by Elvis et al. [21 based on

the relatively small sample of AGN available in 1978, that some optical emission

line properties are correlated with the X-ray luminosity. With the increased

Einstein data base, several of these correlations are now well established. For

example, Grindlay et al. [111, Kriss et al. [121, and Steiner [131 have shown thab'r

both the absolute Ho luminosity and the 0I1I/Hp ratio are well correlated with Lx

for radio quiet objects. C. C. Wu and co-workers [14,151 have noted that the CIV

luminosity is strongly correlated with the X-ray luminosity. Since these parameters

are also well correlated with optical luminosity it is not surprising that they

correlate with X-ray luminosity as well [71.

Detailed photoionization models of the broad line region in AGN have been able to

qualitatively reprodur,.e the correlation of the permitted lines with the optical and

X-ray continuum levels. Because many of the low luminosity AGN have extremely

similar X-ray and UV continua (Wu [151, Mushotzky [161), it is possible to treat

them as a homogenous group. However, it is not clear at present how to produce

either the correlations of 0111/HR with Lx in Fell strong objects [131 or the lack

of such correlation in Fell weak objects. Perhaps quantities other than the X-ray

to optical ratio or the local spectral slopes are important, such as geometry or

filling factor [171, or that selection effects are responsible for the apparent

correlation.	 5

The positive correlation of the infrared to soft X-ray ratio with the X-ray

luminosity suggests that the IR continuum is influenced by the X-ray flux. Lawrence

and Elvis [171 argue that there is a short wavelength non-thermal IR component that

is directly correlated with the X-ray flux, and a long wavelength IR component due

to dust heated by a source indirectly related to the X-ray emission.

Kriss et al. [121 have shown that there may exist a weak correlation of optical line

width to X-ray flux; however, this depends mainly on including Seyfert I1's in the

sample. Since absorption by dust and gas can have a strong effect on the width of

Ha lines as well as on the Einstein fluxes (for it has been shown [16,171 that Lx
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and NH are anti-correlated), we consider this relation suspect, and it is most

likely due to the fact that the broad wings of Hs can be strongly reduced by

reddening in the low luminosity objects. This observational selection effect

probably also causes part of the 0III/H0 versus Lx correlation since observed Ho

would be reduced in even slightly reddened objects. For Lx > 5 x 1043 er g/s, th^j

roughly constant width of H$ indicates that the mass motion of the line emitting oas

is not directly related to the production or X-rays.

JETS

The X-ray emission from almost all active galaxies is not resolved by X-ray

observations since the source of the radiation is probably smaller than a li ght year

in size (3 x 10- 3 arc sec at 20 Mpc), but deep exposures with the HRI and IPC have

revealed X-ray emission from jets in Cen-A, 30273, and M87 [1H,19,201. While the

jets in M087 and 3C273 were well known before the Einstein observations, that in Cen-

A was discovered in the X-ray band [221. In all three cases the X-ray, optical, and

5
radio jets have more or less the same structure [211, and the ratio of X-ray to

}	 optical fluxes is consistent with a synchrotron origin for the X-ray flux. However,
s

this requires a steepening in the IR-optical region of the spectrum and thus

Indicates that the relativistic electron population of the jet likewise steepens at

high energies. This is similar to the radio-optical-X-ray spectra of RL Lac objects

and is consistent with the conjecture that BL Lac objects are ,jets seen end on [231.

The mere presence of jet related X-ray emission is strong evidence for

reacceleration of particles in the ,jet with relativistic factors > 107. The

detailed structure of the jet in Cen-A [221 (the only one resolved by Einstein)

independently argues for in situ acceleration (or reacceleration) since the size of

knots — 10 arc sec (or — 250 pc in Gen-A) is so large that the X-ray emitting

I	 electrons could not live to cross the knot. The situation is even worse for

relativistic electrons to cross from knot to knot or from the nucleus to the closest

knot (a distance of — 750 pc). Evidence of hot gas in the central re gion of Cen-A

[221 is roughly consistent with confinement of the jet by the thermal

pressure of a hot (T — 10 7K) X- ray emitting plasma. Detailed X-ray spatial and

spectral observations may give us information on the mechanisms of particle

acceleration and transport and the mechanism of ,jet confinement.
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Analysis of simultaneous IUE and SSS spectra of BL Lac objects show that, in at
least three cases, the X-ray and UV spectral indices are similar and that extension
of the UV spectrum can roughly predict the X-ray flux [231. These data have been
interpreted as a synchrotron emitting relativistic ,jet producing both the UV and X-

ray radiation similar to the resolved Jets of M87 and Gen-A.

"NEW" TYPES OF ACTIVE GALAXIES

Because of the ubiquity of X-ray emission from AGN, it is possible that "new" active

galaxies can be discovered by their X-ray emission even though they may not show
obvious optical or radio peculiarities. The opticall y "dull" galaxy NGC 4156 [24]

may be such an object. Despite its proximity to the famous Seyfert NGC 4151, it was
not discovered to have a active nucleus until Einstein's IPC and HRI observations

showed a pointl ike X-ray source of Lx N 1042 ergs/sec which is - .1 of the X-ray

luminosity of NGC 4151. This object has very weak optical emission lines and a

"normal" continuum. This discovery shows the weakness of any indiviaual survey

method for AGN and the power of observing in a new frequency range in an unbiased

manner. The "serendipitous" Einstein sources give us the opportunity to discover

objects or properties of objects which we have not been clever enough to

anticipate. In fact, the recent history of astronomy has been lar gely one of

serendipitous discoveries (X-ray and radio pulsars, quasars, X-ray emission from

clusters of galaxies, etc,.)

The Einstein data on the very weak active nucleus in the "normal" galaxy M81 [251

corroborates the radio and optical data. The X-ray spectrum of M87 [261, in

particular, requires a component in addition to the thermal gas which is

indistinguishable in form from that of more luminous AGN (see below). This

establishes a connection between QSO's and the nuclei of some "normal" galaxies over

a range of 107 in luminosity for the active galaxy phenomena. It is of interest

that the lowest luminosity AGN X-ray source is only - 10 times as luminous as the X-
ray binary SMC X-1.

A serendipitous Einstein observation has revealed the first "narrow line" quasar.
Stocke et al. [271 report that this X-ray source has a reddish continuum and

relatively narrow 600 km/sec permitted lines. They ar gue that this object could be

a prototype for a "new" class of "quasars" analogous to high luminosity Seyfert 2's.

J

n>
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It is clear from this very limited list that X-ray observations, whatever their

biases, can find active nuclei in over a wide range of types and luminosities,

DETAILED SPECTRAL STUDIES

Because spectrometers are, in general, less sensitive than imagin g experiments, the

Einstein Observatory spectrometers were restricted to lookin g at the relatively high

flux sources discovered by previous X-ray satellites. As reported by Holt f281

solid state spectrometer observations of active galaxies confirm that the a = 0.65

energy index of the Seyfert I galaxies in the 2-60 keV hand established by Mushotzky

et al. [291 from HEAD-1 data extends down to (),6 keV. Thus a universal power law

form for AGN appears to hold over at least 2 decades in energy from 0.6 to 60 keV.

The most detailed results have been published on NGC 4151 [301. The S5S data for

this source do not show the form expected from a power law X-ray source extinguished

by a uniform absorber: there is too much X-ray flux in the .5-2.0-keV band. The
data can be well fit by a model in which the absorber is the broadline clouds, but

their coverage is patchy so that X-rays can pass unextir quished through holes in the

cloud cover. Since the ratio of 7.1 keV Fe absorption to 6.4 keV Fe fluorescent
reemission suggests spherical symmetry in the absorbing material, the model fit to

the data determine a mean coverin g factor of the clouds of — .9, This large

covering factor is somewhat surprising in view of the .1 coverin g factor inferred

from Lyman continuum measurements for high redshift quasars. In addition,

determination of the energy of the Si, S, and Fe (from HEAO-1 data) K-edges

demonstrate that the absorbing qas is cold.

This model essentially established the global geometry of the clouds, V0,1ir

approximate sizes, and their ionization state. It has also proven to be a key to

understanding that the anti-correlation of X-ray absorption and luminosity in

Seyferts discovered by HEAO-1, and possibly the anti-correlation of C'IV equivalent

width versus luminosity (the "Baldwin" effect) in high lum-!r,;sity AGN's, are

probably covering factor phenomena. The higher luminosity sources have, on the

average, lower covering factors and, thPrr-fore, less X-ray absorption'and weaker UV

lines.	 1

5
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Detailed analysis of mnre SSS data is proceeding and at least one other low
luminosity qalaxy has a large covering factor. The upper limits on the column

density for high luminosity sources from the SSS is consistent with the coverina
factor being inversely correlated with intrinsic luminosity. The SSS data do not

exhibit X-ray emission lines from AGN; this lack of evidence for oas at temperatures
between 106.4 and 107.8 0K is consistent with recent models of the confining medium

in the region emitting the broad optical emission lines.

THE COSMIC X-RAY BACKGROUND AND AGN

8

.

It was hoped that the vastly improved sensitivity of the Einstein observatory would

"solve" the "problem" of the Cosmic X-ray Background (CXB) either by resolving it
into point sources or by establishing the contribution of different classes of

objects to it.

Well before the launch of Einstein, it had been su ggested [311 that AGN were most

likely to be the dominant point source contributor to the CXB. From the initial

Einstein survey of opt i cally selected QSO's, it seemed, indeed, that an evolvinq

population of AGN's (quasars) could easily make 100 percent of the N 1 keV CX8. In

fact, as pointed uut by Setti and Woltjer [321 and others, the CXB data seemed to

require a turnover in the optical quasar counts at m N 20 in order that the CXB not

he overproduced.

A variety of complications have conspired to prevent the unambiquous resolution of

the CXB, however. First, the spectral data from HEAO-1 [331 have established that
the CXB spectrum is much flatter (a - .4) than those of Seyferts between a few keV

and a few tens of keV; deZotti et al. [341 have shown that the sample of Seyfert

galaxies from which we have data cannot be representative of the sample which might

produce the XRR, even when redshifted to z > 1.

In addition, further work on quasar counts [351 and the radio-optical-X-ray

correlations discussed in Section II showed that the problem has added complexity.

While the last word is by no means in, the latest work [6,34,36,371 seems to

indicate that the strongly evolving population of luminous (M < 	 23.8) quasars make

up less than 45 percent of the CXB with most likely values nearer 20 percent

(however different authors disaaree somewhat such that the calculated contribution
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of all AGN to the CXB could be from CO to 10 percent). A point which is usually

glossed over is that the Marshall et al CXB spectrum [331, consistent with a 45 keV

bremsstrahlung spectrum, has the preponderance of the CXB energy density more than

an order of magnitude higher in energy than the Einstein measurement. We might

construct a scenario, therefore, whereby early AGN with spectra stee per than that

typical of Seyferts might dominate the CXB near 1 keV and yet contribute virtually

nothing to the total CXB energy density [381.

In order to truly resolve the problem one needs the spectra of AGN, particularly at

energies > 10 keV, their luminosity function as a function of epoch, and better

optical counts. Thus, despite the lar ge increase in information on AGN provided by

the Einstein Observatory, an unambiguous explanation for the CXB still remains a

challenge

f
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X-RAY SPECTRA OF YOUNG SUPERNOVA REMNANTS

S. S. Hol t
Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

A.	 HISTORICAL NOTES

The early identification of the strong X-ray source in Taurus with
the Crab nebula (Bowyer et al. 1964) was the first milestone in the
association of X-ray emission with supernova remnants. Unfortunately,
it proved to he "red herring" which cl ouded the interpret-at-ion of X-ray
emission from supernova remnants for a decade. Because the Crab was one
of the brightest X-ray sources in the sky at a few keV, the
Interrogation energy of the early surveys, and because it was the first.
(and for several years the only) X-ray source conclusively identified,
the potential association oTa supernova ori gin with the large body of
unidentified X-ray sources was not an unreasonable hypothesis.

By 1970 proportional counter spectra from rocket-borne
observations-, with resolving power E/oE < 2, were available for Cas A
and Tycho as well as the Crab (Gorenstein, Kellogg and Gursky 197011.
Since the statistical significance of the data points were
exposure-limited, they were fittabie with either bremsstrahlunq continua
with temperatures of N 107 K or power-law spectra; the analogy with the
Crab suggested to many interpreters of the data that the latter
representati o'ra?': (if the ,pectra were 'mare appropriate. By that time the
Crab spectrum eras well-measured to be a power-law with a N 1 between
1-100 keV, and relatively well'-understood (from the point of view of
available energy, if not energy transfer) as arising from the
non-thermal conversion of rotational energy from its pulsar. Similar
pulsars which were unobservable because of their heaming characteristics
were suggested for other ,youn q supernova remnants, since only youna
pulsars could provide the required rotational energy loss (e.g. Pacini
1971). Similarly, models featuring hidden pulsars -in sources not
associated with traditional supernova remnants (e.g. Davidson, Pacini
and Salpeter 1971) were relatively popular.

The discovery of "X-ray pulsars" (Giacconi et al. 1971),
distinguishable from radio pulsars like the Grat by their inability to
account for the source luminosity from rotational energy loss, provided
the key to understandin q the energy generation mechanism of the non-SMR
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sources in terms of mass accretion onto neutron star components of
binary systems, as had been suggested by Shklovsky (1967). But what
about the young SHRs Cas A and Tycho? An early su ggestion by Heiles
(1964), that the SN blast wave sweepin g up the interstellar medium into
a shell of shocked material would provide an observable X-ray source,
seemed more appropriate to older remnants in which enouqh mass had been
swept up to provide an adequate emission measure, and enou gh time had
elapsed to allow the radiating shell to equilibrate at a temperature low
enough to cool efficiently (e.q. Woltier 1972). Nevertheless, a blast
wave interpretation for the young SNRs increased in popularity as the
newer data indicated better agreement with a thermal spectrum. The key
experimental result was the discovery of Fe line emission from Cas A
(Serlemitsos et al. 1973) which, although on ginally interpreted by its
discoverers as arisinq from charge exchange with N 10 MeV/nucleon cosmic
Mays, was quickly recognized as the signature of thermal processes in
the remnant. As data from satellite experiments became available
(Charles et al. 1975; Pravdo et al. 1976; Davison, Culhane and Mitchell
1976) this picture was refined to require two separate thermal
components for consistency with these higher statistical precision
data. Itoh (1977) suggested that the harder of these two components was
associated with the blast wave, while the softer was associated with a
thin, dense shell of ejecta accumulated from the "reverse shock"
postulated by McKee (1974). The history of Cas A and Tycho measurements
in the decade preceding the first spectral data from Einstein is given
in Table I.

Table 1

EARLY THERMAL Z= ITS TO CAS A AND TYCHO

Cas A	 Tycho

Ref	 Tlow	 Thigh	 Tlow	 Thigh

Gorenstein et al. 1970 	 ----	 1.251 .34	 ----	 ?.2*1.0
*Brisken 1973	 .83f.06	 ----	 .451.05	 ----
Hill et al. 1975	 ----	 2.3	 ----	 1.9

Charles et al. 1975	 .73+.20	 2.6 +1.0	 ----
Pravdo et al. 1976	 < .7	 3.9 + .6	 ----	 ---_
Davison et al. 1976	 1.08+,03	 5.2 1 .6	 .551.04	 3.51 .3
*refined analysis of data of Serlemitsos et al. (1973)

B. THE EINSTEIN SSS DATA

The newer Einstein data summarized here are from the Solid State
Spectrometer (SSS), a cryogenically-cooled Si (Li) device with a FWHM
energy resolution of — 160 eV over its effective 0.5-4.5 keV energy
range (see Holt et al. 1979 for experiment details). The spectra I
shall discuss have already been preliminarily reported in the
literature. The new information presented here will be of two kinds: a
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refined set of experimental spectra with all sources of background over
the full 0.5-4.5 keV band now pro perly accommodated, and some remarks
about the progress which has been made in the physical modellin g of SNR
to reproduce these spectra.

A Crab spectrum is presented in Figure 1; it represents one
of — 100 such spectra obtained over the lifetime of the experiment, all
of which were used for calibration purposes to ensure uniformity in the
interpretation of detector response with time. The input spectrum is
presumed to be a featureless power law of index a = 1.1 observed through
an interstellar medium of cosmic abundance with column density

NH = 3 x 1021 atoms cm-2. Note that the experiment introduces „n
apparent kink in the spectrum at N 0.8 keV (arising from the nickel with
which the telescope is coated), but that any other features
(particularly ones assocaited with silicon, of which the detector is
made, and which might be expected near 1.8 keV) are much smaller than
the statistical precision of one of the displayed pulse-heiqht channels
in a typical measurement. The Crab spectrum is illustrative, therefore,
of the fact that any potential line features in the s pectra are not
systematically induced in the detector.

The line features which are observed in young SNR spectra are
indicated in Figure 2, where are plotted the pulse hei ght data from an
exposure to the Tycho (SN 1572) remnant, together with a =iparison
spectrum for illustrative purposes. The comparison spectrum is that
expected from a T = 0.5 keV solar-abundance plasma in thermal
equilibrium, viewed through an interstellar column densi ty of 2 x 1021
atoms cm-2; this comparison hi stoqram is not convolved throu gh the
detector response, but is smeared to a FWHM resolution of N 50 eV with
exactly the same bin widths as the experimental data. The shaded
portion of the comparison spectra is the contribution from Fe-L emission
from the isothermal plasma, and the darkened portion the contribution
from Si -K emission; the our blackened bumps represent
Si 12 Ka, Si 1 3 Ka, Si	 Kp and Si	 Ky in order of increasing
energy. From the obvious line identifications, therefore, it is clear
that the observed litres are characteristic of a relatively low
temperature (e.g. T = 0.5 keV) plasma, in the sense that the helium-like
lines of the Z > 10 constituents are evident while the hydrogen-like
lines are not, but the equivalent continuum widths of the observed lines
are considerably in excess of the equilibrium values for solar
abundances. Most of the remainder of this paper will be devoted to a
discussion of the modellinq of such spectra.

C.	 SPECTRAL MODELLING

Figure 1 displays the SSS spectrum from Cas A. As originally
reported by Recker et al. (1979), the data cannot be fitted with a
single equilibrium temperature with any abundance distribution; instead,
it can be reasonably well-fitted with two equilibrium components. The
lines are consistent with an equilibrium plasma at T 	 0.65 keV (albeit
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Figure 1. Experimental SSS spectra for the Crab nebula, CasA and
SN1006. The solid histogram through the SN1006 data points represents a
power law of Index a = 1.2 observed through a column density of 9 x 1.020
atoms cm-2.

with overabundances in the line-emitting components), but a higher
temperature component is required to replicate the harder continuum
observed and to smoothly connect to the higher enerqy measurements;
because the bremsstrahlung continua from any temperatures > 3 keV are
indistinguishable in the SSS 0.5-4.5 keV bandpass, a fixed 4 keV was
chosen to approximately connect to the higher energy measurements.

The data presented in Figure l are somewhat more refined than
originally presented in Becker et al. (1979), but the important
source-fitting parameters are not substantially changed. In particular,
the hest- fit low temperature component (for a 2 -temperature equilibrium
fit) is still T = .65 keV, and the Si abundance is N 1.5 times solar, as
determined from the simultaneous fitting of the lines and the
continuum. Relative to this inferred Si abundance, the inferred
abundances of other important constituents relative to solar proportions
are S/Si(-2), Ar/Si( N4), Ca/Si( N2) and Mg/Si(-.1). The only significant
difference between the results of the present modelling and that
origina'ly reported is in the Fe abundance, as the model extension to
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Fi Mire 2. Experimental SSS spectrum of the Tycho MR, compared with the
expected spectrum from a solar-abundance equilibrium plasma at T - 0.5
keV as it would be observed with a detection system which has an
enerc^y-independent response (see toxt for additional details).

lower energies changes what was previously a measured Fe/Si N .5,
relative to solar, to an upper limit. The lack of a pronounced increase
with Z in the relative overabundances of Si, S, Ar and Ca suggests that
the standard qualifications regarding non-equilibrium ionization may
obscure the important qualitative conclusions that may be drawn from the
spectrum. If, as suggested- by	 ian et al. (1980) from an
interpretation of the X-ray morphology, the remnant is in the free
expansion phase and the low energy X-ray emission is dominated by the
ejecta, the clumpiness of the emission suggests a situation closer to
equilibrium (at least within the clumps) than would a smoother
distribution, as the Rayleigh-Taylor-induced density enhancements should
equilibrate more rapidly than would the unclumped eJecta (see Chevalier
1982 for a discussion of the unclumped , density distribution which might
be expected from a system like Cas A with pre»SN mass loss). The modest
abundance enhancement of Si-group material implied by the equilibrium
simplification may, therefore, better characterize the spectrum than
would a detailed (non-unique) calculation, at least until such time as
measurements with better spectral and spatial resolution are available.

In contrast to Cas A, the three Type I remnants Tycho, Kepler and
SN1006 display a clear necessity for non-equilibrium effects. The
spectra of Tycho and Kepler bear marked similarities to each other (see
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Figure 3); utilizing the same two-temperature equilibrium model as a
starting point, both have low temperatures of T ad .5 keV. Tycho
requires a Si abundance which is approximately an order of ma gnitude in
excess of solar (Kepler requires about half the Tycho Si abundance), and
for both remnants the allowable relative abundances of S, Ar and Ca
increase with atomic number (in the newer equilibrium fits, these
implied abundances are even higher than those in Hecker et al, 1980a and

Hecker et al. 1980b), in accordance with the expectation for a
non-equilibrium plasma which is still ionizing. The application of a
Sedov approximation (Shull 1983; Hamilton, Sarazin and Chevalier 1983)

TYCHO
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1 	 tt	 t

t

KEPLER	
+4* +
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Figure 3 - Experimental SSS spectra of the Tycho and Kepler SNRs. The
solid histograms, arbitrarily placed above and below the Kepler
spectrum, represent different fits to Kepler of comparable statistical
adequacy. The upper fit is a two-temperature equilibrium model for
which the abundances are free parameters (see text), while the lower fit
is a Sedov model with similarly unconstrained abundances; many such
models (with differing n, electron fitted with comparable statistical
adequacy, but all require S i overabundances relative to solar.

i
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relieves this latter problem, but its applicability may he
problematic, A variety of Sedov models with and without clumping (and
with and without the assumption of rapid equilibration of the electrons
with the shock) all yield pronounced overabundances of Si, comparable to
those found in the equilibrium fits. The relative abundance ratios for
the higher-Z constituents (i.e. those which are identifyable by their
K-emission) are no longer unreasonab ly high, however; S/Si is still N 2
(as it appears to be for all SNR fits), but Ar/Si and Ca/Si need not be
much higher than unity (i.e. solar). The utilization of a Sedov model
(properly constrained to the observable luminosity at the best-estimated
distance, with reasonable values of n = E not ) is questionable a priori
if the interpretation of the X-ray morphoQogy given by Seward,
Gorenstein and Tucker (1983) is correct, i.e. if the large fraction of
the X-ray luminosity arises from clumped reverse-shocked ejecta rather
than from the blast wave. Interestingly, Hamilton (this volume) has
demonstrated that the emission from the ejecta can be modelled with a
Sedov approximation (where the parameter n is a bit more obscure),
allowing fits which better match the data in detail (Sarazin, Hamilton
and Chevalier, this volume).

A continuing feature of all the fits is the lack of marked
overabundances of Fe, as might be inferred from its L-emission (see
Figure 2) in accordance with current models of Type I SN which release a
large fraction of a solar mass of Fe-group material. The primary
difference between the Tycho and Kepler spectra of Fi qure 3 is in the Fe
L-emission; Fe is virtually undetectable from Tycho, but is required at
about the level Fe/Si N 1 (relative to solar) in the various equilibrium
and non-equilibrium Kepler fits. Even in Kepler, this abundance is at
least an order of magnitude below that expected if the Fe-group material
is well-mixed into the X-ray-emitting plasma. Clearly, the retention of
the Fe-rich model requires the not-unreasonable assumption that the
heavier ejecta is interior to the Si-group ejecta, and has not yet been
significantly reverse-shocked.

The X-ray spectrum of SN1006 is even more puzzling. Unlike the
younger Type I remnants discussed above, there is no statistically
significant evidence for K-line emission. In fact, the X-ray spectrum
can be fit with a Crab-like power law (a N 1) from 0.5 keV out to at
least 20 keV (Becker et al. 1980c). It is worth noting that the higher
energy X-ray spectra of other SNR can be relatively well-fit by power
law approximations, but with spectral indices which are much larger
(i.e. the younger and more initially energetic SNR Cas A can be fit
with a N 3, while Tycho can be fit with a N 4; see Figures 1 and 2 of
Pravdo and Smith 1979). Fabian, Stewart and Brinkmann (1982) have
suggested that the appearance of a featureless power law may arise from
the superposition of emission from differing thermal shells. If the
intermediate-Z metals are substantially locked in grains, and if the
reverse-shock has long-since passed through the Fe-rich ejecta (so that
the remnant interior has cooled to N 106 K), the absence of the
prominent lines observed in the younger remnants may be reconciled. It
should be noted, however, that the spectral hardness of the high energy
continuum may be more easily explained with non-thermal processes, e.g.
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synchrotron radiation from electrons accelerated near the blast wave
(Reynolds and Chevalier 1981) or possibly even from the naive picture of
a hidden pulsar which was so popular ten years ago.

D.	 FINAL REMARKS

The combination of higher-energy (> 5 keV) spectral data from
pre-Einstein investigat ,lons (see Pravdo, this volume) with morphological
and spectral data from all the Einstein instrumentation provides a
powerful tool for stu6ying SNRs. Tiis evidence is not totally
conclusive in all particulars, however. The modelling of the SSS data
requires a complete time-dependent; coupled solution of the hydrodynamics
and ionization, including whatever density inhomogeneities may exist in
each specific remnant, since the experiment aperture is 6 min in
diameter. Better spectral resolution than its 160 eV FWHM would be
useful (insofar as K-emission contributions from differing multiplet
components would then be resolvable), but the present resolution is
sufficient to distinguish H-like and He-like ionization states. Much
more important would be the application of the available spectral
resolution to much more localized regions of the SNR, so that
differential information would not have to be extracted from the
attempted separation into components of the whole-remnant spectrum.

The available procedure is necessarily non-unique, and cannot
unambiguously distinguish whether the electrons in the recently shocked
plasma can quickly equilibrate with the heavier constituents (as it
least some fraction must, from > 10 keV measurements, Pravdo and Smith
1979) or whether they require a Coulomb equilibration timescale
(typically longer than the remnant age) to do so; the two cases yield
very different bremsstrahlung continua and, hence, can result in very
different blast/ejecta proportions and abundances. Unfortunately, fits
to the whole remnant data with either assumption for the electron
equilibration timescale can yield results of comparable statistical
significance. With no independent reason for fixing such otherwise
indeterminate parameters, therefore, model uniqueness is not assured.
Until such time as more independent information exists (e.g. from the
application of like quality spectral data with much finer spatial
resolution, so that some separability of otherwise degenerate fitting
parameters can be obtained), a satisfactory fit to the whole-remnant
spectral data cannot guarantee a unique detailed explanation.

My thanks to the many members and associates of the GSFG X-ray
group, past and present, who have contributed to our ongoing program of
research. Andrew Szymkowiak, in particular, is responsible for the
large fraction of the previously unpublished work on which much of this
discussion is based.
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Kirshner: The principal optical result on Cas A is that oxygen is
grea -̂ly enhanced. The SSS spectra only give the ratio of Si, S and the
rest to oxygen. Are the X-ray data consistent with the extraordinary
abundances seen in the optical filaments?

Holt: Because the energy resolution of the SSS does not allow us to
completely separate line and continuum contributions to the experimental
spectrum, and because the bremsstrahlunq continuum is dominatted by
oxygen (if present in at least solar proportions to hydrogen), it is not
possible to define a totally unambiguous reference for the



p g	 F a	 Y tY

ORIGINAL PAGE W	 22

OF pooR QUr '''_V('(

"abundances"--even before addressing the problem of how appropriate an
equilibrium model should be for the whole-remnant specrum of Gas A. If
we assume that the portion of the spectrum below - 3 keV is dominated by
the oJecta in the fast-moving knots, the implied Si/0 ratio is well
within a factor of two of the values given in Table 5 of Chevalier and
Kirschner (1978).

Tuffs: Is a shock velocity of, say, 2800 km s- 1 for Cas A consistent
wi`h`the observed line ratios?

Holt: The shock temperature defined by the shock velocity (for a Sedov
so fftion) is > 108 K, or much too high to match the observed line
ratios. The experimental preponderance of helium-like to hydrogen-like
lines Forces the equilibrium fits to the spectra of Tycho and Kepler, in
addition to that of Cas A, to contain a component at < 107 K which
dominates below - 3 keV. At higher energies, however, there is
continuum evidence for plasma approaching equilibrium with the blast
wave (Pravdo and Smith 1979).

Chevalier: With regard to the non-uni queness of the X-ray spectral
°mss""all the models have the proper ages, radii and X-ray
luminosities?

Holt: The Sedov models we have attempted to fit to Tycho and Kepler,
sucTi'as that displayed in Figure 3 for Kepler, are those for which the
ages are correct and the radii/luminosities are consistent with
reasonable distance estimates. We don't take seriously any fortuitous
spectral fits with unreasonable model: implications.

Fedorenko: Are the power-law X-ray spectra consistent with the
equi i rum particle distribution functions? What is the mechanism of
radiation?

Holt: I presume that you are referring to the spectrum of SN1006, for
w c we find that a power-law is an'adequate fit to our data. It is
certainly possible to synthesize power-law fits front combinations of
equilibrium particle distribution functions (see the early attempt by
Sartori and Morrison 1967 to so reproduce the spectrum of the Crab), but
the consistency of the same power law over two orders of magnitude in
energy is suggestive of a synchrotron origin for the X-ray emission.

Fabian: Since the electron-ion equilibration time is often greater than
ti"l"e age of the remnant, how do you know what high energy spectral form
should be fit to the continuum data (e.g. in SN1006)?

Holt: In the case of Sedov models, we utilize computer-generated
dTff'erential spectra instead of limiting analytic forms, which are
dependent upon the usual model parameters (including time) as well as
upon physical assumptions such whether electron-ion equilibration can be
more rapid than specified by Coulomb interactions alone. Although a
power--law appearance is certainly possible for the superposition of
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non-equilibrium as well as equilibrium thermal spectra, the extension of
the form to at least 20 keV for 5NIOOfi argues against it because such a
hard spectrum (a - 1) sun gests a blast wave with much hi gher velocity
than that of the younger and more ener getic Gas A, for example
(with ot - 3) the appearance of any photons at all at 20 keV requires a
current blast wave velocity of 4000 km s-1, but the maintainance of the
hard spectral form requires that the blast wave velocity is considerably
larger than that, The assumption of a slow equilibration time only
exacerbates the problem, as it is then even more difficult to produce
X-rays with ener gies comparable to the value for equilibrium with the
blast wave and, hence, more difficult to produce both a hard spectrum
and its extension out to 20 keV.
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HIGH RESOLUTION X-RAY IMAGES OF PUPPIS A AND IC 443

R. Petre l C.R. Canizares 2 , P# F... t;ink.e 3 , F.D. Seward 4 , R.
Willingale 8 , D. Rolf 5 , and N. Woods
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ABSTRACT

We present soft X-ray photomosaic images of two supernova
remnants, Puppis A and IC 443, constructed from a series of exposures by
the FInstein imaging instruments. The complex morphologies displayed in
these images reflect the interaction between "middle-aged" supernova
remnants and various components of the interstellar medium. Surface
brightness variations across Puppis A suggest that inhomogeneitiea on
scales from 0.2 to 30 pc are present in the interstellar medium, while
the structure of IC 443 is apparently dominated by the interaction
between the remnant and a giant molecular cloud.

In supernova remnvts that have evolved well into their adiabatic
expansion phase (t	 10 yr), the bulk of the soft X-ray emission arises
from recently shock-heated interstellar matter. The soft X-ray
morphology of such "middle-aged" remnants will be influenced by any
large or small scale inhomogeneities in the interstellar medium (ISM)
they encounter.	 Consequently, these supernova remnants serve as
excellent remote probes of the structure of the ISM.

We present and briefly discuss here high-resolution soft X-ray
images of two such "middle-aged" remnants, Puppis A and IC 443. Despite
their similarity in age (- 10 4 yr), distance (- 2 kpc) and diameter
(25-30 pc), these two remnants display markedly different morphologies,
presumably due largely to their different environments. A more
extensive discussion of Puppis A may be found in Petre et al. (1982a);
the IC 443 imaging results, along with spectral studies using the
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Figure 1: A high-resolution 0.1-4 keV photomosaic map of Puppis A.

Einstein Solid Stare Spectrometer (SSS) and the HEAO 1 A-2 MED, will
appear in Petre et el. (1982b).

Puppis A

Figure 1 shows a high-resolution X-ray image of Puppis A in the
energy range 0.1-4.0 keV. The map is an exposure-corrected photomosaic
of 11 Einstein High Resolution Imager (HRI) exposures, binned in 8"
pixels. The image reveals an ISM with structure on many scales. First,
there is a general decrease in X-ray surface brightness, by a factor of
at least 20, from northeast to southwest across the remnant,
perpendicular to the galactic plane. This effect is probably due to a
local density gradient in the ISM of at lef. gt a factor of 4 over a m le
of 30 pc. Second, the surface brightness variations in the interior
and along the shell suggest a preshock ISM containing many small density
variations (factors of 2), about an average of - 1 cm -3 , over scales
from 0.2 to 10 pc. Despite the surface brightness variations along the
shell., the pronounced limb-brightening profiles are for the most part
consistent with that expected for an adiabatically expanding blast wave,
suggesting that the local clumpiness of the interstellar matter does not
prevent the adiabatic model from being locally valid. Finally, in
addition to the filamentary structure representing small density
perturbaitions, Puppis A contains two bright knots of emission along the
shell, one in the east and one in the northwest. These knots are
probably shocked interstellar clouds with preshock density of 10-20 cm-3
and diameter 1-2 pc.
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IC 443

Figure 2 depicts a 0.2-3.1 keV map of 1C 443, overlayed on it
Palomar Sky Surve y red plate. The map is an exposure-corrected. Wiener-

filtered photomosaic of three Imaging Proportional Counter (IPC) imagra.

tigure 2 kleft): A 0.2-3.1 keV Image of IC 443, superposed on a Palomar

Sky Survey red plate. This map is a photomosalc of three IPC
images. Fi&jre 3 (right): An HRI photomosaic of :C 443. superposed

on the Palomar red plate.

binned in 32" pixels.	 The contours scale linearly with surf ace

brightness. Although X-ray emission is detected from the entire SNR,

the remnant does not appear to be limb-brightened. The average surface
brightness in the vicinity of the bright northeastern optical filaments

is a factor of - 4 higher than elsewhere. This network of filaments has

apparently been created b y the collision of the shock front with it giant

molecular cloud, which is observed in CO to extend well be y ond IC 443 to

the northeast (Scoville et al. 1977; Cornett, Chin and Knapp 1977).

A sharpe r view of the northern portion of IC 443 is shown in

Figure 3. This map is An exposure-corrected, Wiener-ftltered

photomosnic of three HRI images. with 16" binning. whose coverage of IC
443 is represented npproxtmat,.v by the area over which the prid

Appears.	 The contour levels w, re chosen t,:) reveal the hiehest Y-rav
surface brightness features; X- .tve were actually detected by the 11111

trom everywhere in the complex , f op tical filaments. with the notable

exception of the finger of opt Al extinction extending northeastward

into the filaments.

The HRI map emphasises	 he domi^ant X-ray feature, a ` I','

ulame:er region which partialI 	 overlaps the optical filaments.	 The
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pressure of the X-ray emitting gas in this region, as Vferred fr2m
spectral mensurements by the ginstein SSS, is - 3 x 10` dyne cm- ,
placing it in approximate equilibrium with the cooler, denser,
optically-emitting gas (Fesen and Kirshner 1980). Coupled with the
general, overlap between the regions of high X-ray surface brightness and
the bright northern optical filaments, this suggests that the X-ray
emitting gas may be interspersed among the sites of unstable radiative
cooling which appear as optical filaments, and that both have arisen.
from the collision of the shock front with the molecular cloud.

The molecular cloud may affect the observed low-energy structure
of IC 443 in a second way. As is vis'4ble in Figures 2 and 3, a lane of
high optical extinction bisecte IC 443 from northwest to southeast,
extending a finger into the bright optical filaments. This lane
demarcates another portion of t e molecular cloud. The detection of
shocked [H 11 and 1 variety of molecular species with typical. velocitiesaround -30 km s` suggests that the front of the IC443 shell is
colliding with the molecular cloud (see, e.g., Giovanelli and Haynes
1979; DeNoyer 1979). Although no general correlation between the X-ray
surface 'brightness, as measured by the IPC, &nd the column density of
the cloud, as inferred from the 00 brightness temperature, iA apparent;
a correlation between columt ► density and X-ray spectral hardness ratio

a^ r,

23°010,

22^40'0"

22°20'0"

22°0'0"

l)- +)
	 i'1 i	 '`^ 'f 
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It
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Figure 4: An IPC spectral hardness
ratio map of IC 443, superposed
on CO brightness temperature
contouro (from Cornett, Chin
and Kr.app 1977)• Spectral
hardness is defined as the
ratio between 0.2-1.3 kev
counts and 1.3-3.1 keV counts,
with symbols of	 increasing
prominence representing ratios
of 0.6,	 0.8,	 1.0 and 1.2,

Circle is HPBW of CO map.

(0.2- 1,3 kev/1.3-3.1 kev) does exist. As seen in Figure 4, X-rays from
regions coincident with the cloud are harder (average hardness ratio of
" 0.8) than elsewhere in the remnant (average hardness ratio of " 0.5).
To acc•Yunt for this increase of spectral harness by absorption, a
column density through the cloud of 2-4 x 10 '1 cm-2 is required (in
addition to the column density to IC 443) if the characteristic
temperature of IC 443 is uniform and within the range of 0.5-1.5 kev.
This additional column density may be compared r^o1 the 2inferred avers
col}^mn density of 11 2 through the cloud of 2 x 10	 cm- (i.e., 4 x 10
cm of [H I) - Cornett ) Chin and Knapp 1977). It is thus probable that
the cloud absorbs X-rays emitted by the interior of IC 443..
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THE [AN]ISOTROPY OF THE X-RAY SKY

A.A. Shafer, NASA/Goddard Space Flight Center and Dept. of
Physics and Astronomy ) University of Maryland, U.S.A.
(currently at Institute of Astronomy, Cambridge, U.K.)

A.C. Fabian, Institute of Astronomy, Cambridge, U.K.

1. Introduction

In this presentation we show how the study of the isotropy of the
X-ray sky contributes to our understanding of the structure of the
universe at moderate redshifts (1Sz«zrecombination)• Actually, the
anisotropy of the sky flux provides the information, much as the
microwave sky anisotropy does for earlier epochs. [See reports in this
volume.] Though we are currently unable to make measurements with the
precision and small solid angles typically achieved in the microwave,
comparatively crude limits from the X-ray fluctuations place limits on
the largest scale structure of the universe. We first outline the
measurements of the X-ray sky and its anisotropies made with'the HEAO 1
A-2 experiment. Detailed presentations are found elsewhere [Shafer
1982; Marshall et al. 1980; Piccinotti et al. 1982; Iwan et al. 1982;
Shafer et al. in prep.]. We then show hour the anisotropies place limits
on the origin of the X-ray sky and on any large scale structure of the
universe, following the example of previous analyses which used earlier
anisotropy estimates [see e.a. Fabian and Rees 1978; Rees 1980; Fabian
19811.

2. The X ray Sky

In Figure 1 we present the extragalactic sky spectrum. Several
properties of the X-ray portion of the spectrum are noteworthy:

(1) It is bright. A spectrum with slope -1 in Figure 1 has equal
energy per decade; thus the energy density in 3-100 keV X-rays is second
only to the density of the microwave region.

(2) It is easily detected and nearly isotropic. The region from about
3 keV to -1 MeV is the only well studied portion of the sky spectrum
other than the microwave back,round that is not dominated by a strong
galactic component.

(3) It has a well determined, if not well understood, spectrum. In
terms of accuracy and bandwidth the measurement of the X-ray spectrum
surpasses even determinations of the microwave spectrum [de Zotti

PRECEDING PAGE BLANK NOT FILMED
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1982a]• The spectrum from 3 to 100 keV is well represented by a thin
thermal bremsotrahlung model with a temperature of 40 1 5 keV [Marshall et
a1. 1930; Rothschild et al. 1 1,1 83]. No population, of sources with a
single index power law spectra provides the right shape. A suitably
constrained model of an evolving population with a sharp break in their
spectral index is consistent with the 3--50 keV data [de Zotti et
al. 1982b].

A variety of models have been presented to account for parts of
the sky flux, but no coherent picture exists that satisfies all the
observations. Particular models may be consistent with the data but all
leave open questions or await particular observational confirmation.
Known and possible fractions of the X-ray sky flux are:

(1) A galactic component. Because of the observed isotropy of the
sky, any flux associated with the galactic disk can contribute no more
than -2-10% of the high galactic latitude flux, depending on the
latitude of the observation [ see e .g. Iwan et al. 1982]. In addition,
known populations of galactic sources do not generally have the same
spectrum as the sky.

(2) Well observed extragalactic sources. Based on the HBAO 1 A-2 all-
sky survey the extragalactic sources resolved at high flux are
predominantly either clusters of galaxies or active galactic nuclei
(Seyferts, N galaxies, etc.) [Piceinotti et al. 1982]. The derived
local luminosity function of these two populations can be used to
estimate contributions to the total sky flux of about 4% and 18%
respectively, assuming no significant evolution of the luminosity
function. In addition, the low temperature thermal spectra of cluster
sources [Mushotzky et al. 1978] and the power law spectra with a photon
index near 1.7 typical of active galaxies do not correspond to the sky
spectrum [Mushotzky et al. 1980; Rothschild et al. 1983]. In fact, no
source or population has been observed to have the proper spectrum to
provide the bulk of the sky emission.

(3) An evolving population of sources. This could be the evolution of
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the above known Populations or the lutroductioa of as new population of
sources * ON, which are undergoing apparent evolution at other
wavelengths, hn

,^o boon shown to be strong emitters 
in 

the softer 0•5 to
30 RoV bond covered by the Plustoit ► observatory t000 S?So Zamorani pt
al. 19813. Unfortuantoly, there are too few high quality broad bond X_
Sy spectra of Q80a to make an unambiguous 00timate of their
oontributio" ► t the higher oaorgios typical of the bulk of the X-ray sky
Mo. Mot (1978) POStOd out that active galaxies may make up the
total sky ilex if they undergo only moderate evol"tiou, in comparison to
the amount 

of 
evolution a"ggwod for Q80a in the optical. However, the

ovolutlon ► "at Involve the opoetral form of the objects an well as their
luminosity ("notion jy,Zo Letter and Doldt 1982). Suggestions for now
popolotiono of X-ray sources have included hot gas associated with the
Initial generation of staro of young, galaxies [Bookbiodor I •  al. 19801
cud primordial block holon [Carr 19801. Though the proposed spectra are
in accordance with the X-ray sky spectrum, there have boon to
identifications of these new objects with observed X-rdy sources.

(3) A totally Wfueo compoueut, such an a hot Intergalactic medium.
ThAu wodol has 

the 
oorroot, spectral form, but there are possible

diffirultion provid&g the vuergy to hoat than medium tViold and Porronoill
1977; Vablau 1011.

Though tho exact origin of the sky flux In still 
no 

open question*
wo bavo as bottc-Ir of the principal sources of the observed
aafsotropy * We VlAontfy the VariOtions in 010 X-ray sky intVaSNY Oil
larger aug ► lar o yalo nalootropivs or no fluctuations (small scale
varin(lono).

The Italaxy does not dominate the 2-10 koV sky flux, but the
dominant largo scalt, yaat'I atJc)p , in assoviatod with the galactic disk- All
oarly model of this variaLlon. was the cosecant JbI law ex n" Infinite
piano of omi gnion [Warwi pho Vye and Vabin" 19803. other studies hnvtl

notod .1 loagitudinal Component associated vkftlx 
the 

galaxy [Protheroo,
Wolfoadalf' .111d Wd ►wozyk 1980; Non I	 0123	

An 
oxpoctod ItIrgo

nvale anisotropy, of smaller mngaitudo ' to a canine or dipole
anisotropy. Such at signal Is expected for the same reason as the dipole
variation soon in the microwave sky, I,. motion of the observer with
respect to tho cost frame of the emission, the Compton-Gotting effect.

The 
dominant 

contrlbut:Lon to the small Scal(N fluctuations is a,
continuation of known soarto populations to lower flux levels where
sources oro no loagor individually detectable. The size and shape of
the froquoAry distribution of the fluctuations is a function of the
numbor or 

sources 
versus flux Volation, N(S), at those fluxes • We call

oxplain all the fluctuations in terms of the known populations, without

evolution ) and plate on upper bound on the size of any other small scale
variations ) hereafter reforred to as the excess variance. This bound
constrains all other sources of anisotropy.	 Possible origins of
Additional variation would be an ovolviog or now population. of sources,
or 

a 
clumping of the 

sources that make up the background. At the
largest angular sealvo source clumping indicates large scale Structure
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in the universe, such as a global perturbation in the density 6P. An
upper bound oij_the excess variance limits the allowed strength of such
structure, SP/P $ with no assumption about 

the 
origIns of the X-ray sky

flux other than presuming that variations in the X-ray volume 01111asivity
are, proportional to SP. (For general reviews of the X-ray sky SVQ ('!#Ao
Boldt (19813, Fabian t19811.)

3. The Data

Our results are based oat 	 taken with as xenon
proportional counter, one module of the A-2 experiment 

on 
the 11HAO I

satellite [Rothschild et al. 19791, taken during an all-sky survey. For
the X-ray sky spectrum, 902 of the counts 

in 
this detector origiyate Aji

the 2.5-13.3 keV hand. We measure flux, S, in ksnits of counts 0- em'.
For typigal extrpala^tic spectra I count s" i C111-2 is equivalent to
1-PX10

2
 ergs 8	 =7 (2-10 keV). The all-sky flux, $ 08 , is 58 counts

8	 cm-. The measured count rate depends 
on 

detector area, collimator
solid angle.,. and integration time. V 

T 
r our measurements the 

mean 
sky

intensity, I	 is 17-06 counts exp - (ono exposure is 1.28 .9). TheI	 k
.sKmean 

I 
count rate of the internal., aeon-X-ray, linckground is 3.5 counts

ex p The 
1 
average uncertainty due to counting statistics was 0.23

counts exp . The angular size of the measurements Is fairly large,
over 100 square degrees, but 

much 
of this area contributes little Co the

total count rate.	 90% of the total comes froiii a rectangle of
11.20x4.40 , covering 49 square degrees. The central area of -26 square
degrees contributes 71% of the sky intensity but 90% of any excess
variance in the intensity.

The fluctuation data were restricted to high galactic latitudes,
lbl>200 , and free from contamination by X-ray sources in 

the 
Magellanic

Clouds and bright high latitude galactic sources. When looking for
large scale structure, we included data down to latitudes of 100,
excluding all contamination from any resolved source cataloged in the
complete all-sky sample of Piceinotti et al. (1982).

The A-2 detectors had several unique features for the continuous
monitoring of internal background and determining the X-ray Sky flux.
The performance of the detectors, is monitored by repent scans of the
same area of the sky six months apart, was very stable. The internal
background was also very stable. After selection of data to avoid noisy
periods, the variation in the background was roughly 0.05 counts exp 1,
corresponding to a sigma 1.3% of the non-X-ray count rate and only 0.252
of the total intensity.

4. Large scale variations: Galactic and 2AR^jLe anisotropies

Using a similar set of HEAO 1 A•2 data ) Iwan et al. (19821 showed
that there was a variation associated with galacti7 longitude in
addition to the Isititude variation. Following that paper we fit the
galactic component, with a disk of finite radius mid an exponential scale
Height. These parameters are strongly correlated and their upper bounds

34
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poorly determined. The best fit radius was 1.8 R,,_ where ngc is the
distance from the sun to the galactic center, rough^l.y 10 kpc. The best
 it value for the scale height Was 0.4 R c , with the 90% lower limit of
0.1Rgc , corresponding to 1 kpc, a scale typically larger than most
galactic X--ray source populations. A discussion of this model and its

implications is given in 'Ivan et al. [1982.

After removal of the best fit ealactic model, we fit a dipole
model, 61 - iCG cos 0, where 0 is the augl.e between the observation and
the signal maximum. The addition of this new model to the fit produced
a drop in X2 significant at the 95% Level.. The strength of the signal,

ICG , is 0.0910.03 counts exp'" 1 , about 0.5% of the sky intensity. The
best fit direction in galactic, coordinates, (9,b), is (2820,+300).
However the 90% confidence region for the direction is very large,
covering about: one eighth of the total. sky. A result of similar
direction, magnitude:, precision, and confidence was found by Protheroe,
Wolfendale and Wdoczyk (19801 using UHURU data.

800 (
,

I ^	 I-- M87— -

Figure 2. Position of Dipole
Maximum. Contours show 70%
and 90% confidence regions.
The center + marks the best
fit position. Also shown are
the one-sigma error bars for
measurements of the dipole
maximum in the microwave.
[BCW: Boughn, Cheng &
Wilkinson 1981; MIN: Fabbri,
Guidi, Melchiorri and Natale
1980; GS: Gorenstein and Smoot

1981.]
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One possible interpretation of this statistically marginal result
is in terms of the Compton-Getting effect, where the size of the dipole
signal is related to the observer's velocity by

1CG	 T (2+r) v/c.	 [1]

t is the photon index of the sky flux, -1.,4 for the band we are
interested in. The derived value for the velocity, 475±165 km s -1 , and
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the direction are consistent with observations of the dipole signal in
the mic r owave sky. The microwave directions in the literature are shown
in Figure 2 along with the X-ray confidence regions. A synthesis
performed by Wilkinson at this symposium of the different experimental
results gave a best fit direction of (265 0 ,+500) and a velocity of
372*-25 km s- 1 . The origins of the Compton-Getting velocity may be
responsible for an additional component of the observed X-ray dipole
signal. If the velocity observed in the microwave is the integral of
the acceleration caused by a large scale overdensity ("lump") at the
same redshifts range at which the X-ray sky emission originates, then
the lump should produce an excess in the X-ray emissivity, producing an
enhancement in the direction of the lump in addition to the Compton-
Getting velocity signal. Comparisons of the X-ray and microwave large-
scale anisotropies help to decouple the two effects of such a lump,
providing constraints on the lump's properties. [see e.g.. Warwick, Pye
and Fabiar. 1980; Fabian 19811.

The total dipole signal may be due to variations other than the
Compton-Getting effect. The form of the underlying structure may not be
a pure dipole. For instance, there may be second order anisotropies
associated with the galaxy but not included in the finite disk model.
Also,  it iG intriguing that the contour for the direction of the dipole
maximum includes a large fraction of the local supercluster, which could
provide a large scale enhancement to the sky flux. The best fit valu
of-JCG crrresponds to a maximum surface brightness of 0.02 counts s
cm	 sr	 The volume emissivity and total luminosity of the local
supercluster required to dominate the "dipole" signal are dependent on
geometry. Assuming a disk of emission centered on the dipole maxim m
with a radius of 4 Mpc, an estimate of the total luminosity is 2x102
erg s- (Ho = 50). Previous attempts to corrol.ate X-ray surface
brightness with the local supercluster have yielded only upper limits
larger than the above estimates. [see e.g •. Schwartz 19801. To test if
the local supercluster is in part responsible for the fit dipole signal
requires direct testing of models for the supercluster, a project now in
progress. The tidal "12 hour" signal reported by Warwick, Pye and
Fabian [1980] in the Ariel V data was not observes' in the A-2 data.

5. Small Scale Anisotrop ies: The Fluctuations

Point sources have an impact on measurements of the sky flux even
if the sources are too numerous to be individually resolved. The actual
number of sources, and hence their total intensity, varies from one part
of the sky to another. The process of extracting information about the
sources from the size and shape of the intensity distributions was
pioneered by radio astronomers [Scheuer 1957; Condon 1974; see
e.g. Condon and Dressel 19781• Given a model for the differential
number of sources as a function of flux, N(S) dS, the distribution of
intensities, PI_I(I) dI, can be predicted, assuming the distribution of
sources is completely random and unclumped. Standard statistical tools
are used to evaluate the N(S) models by comparing the predicted
distributions to observations, extending our knowledge of the X-ray

36
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source counts beyond what was directly accessible from resolved sources
[Fabian 197$; Schwartz 1976; Pye and Warwick 19761.

3.0

K(S) L0

K f id
0.3

^f

Figure 3. Number of Sources
Versus 'Flux Derived from the
Fluctuations.	 The plotted
quantity is the ratio of the
number to that expected for a
fiducial	 Eu lidean	 model.,
where N 0 -5 2. See text for
details.
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In Figure 3 we present the results of such model fitting using the
HEAD 1 An-2 data * We restricted our model to a single power law form,

N(S) dS - 4'f K S Y dS ,	 [2)

with a sharp cutoff imposed at the low flux where the intensity
contributed by the sources equals the total sky flux:

f dS N(S) S = Sas .	 (31

A population of sources distributed randomly through Euclidean space
will follow a power law model with Y = 5/2. We compare an N(S) relation
to the Euclidean form by defining a function K(S)

N(S) = 41T K(S) S-5/2.	 (4)

(counts sEuclidean 
plots
 K(model, 1>	

respect to4>^ 10 3_ifid,2^e K
5 ether Euclidean modelscm

would appear on Figure 3 as horizontal lines, K(S) constant. The
trumpet-shaped region on the right shows the behavior of power law
models acceptable at the 90% level. The hatched line at the far left is
where the power law models must be terminated to avoid exceeding the
total sky flux (equation [31). With our data, an acceptable power law
model that is truncated between the hatched line and the left hand edge
of the trumpet shaped region is statistically indistinguishable from the
model as continued to the hatched line. The right hand edge shows the
limits of the HEAD 1 resolved source counts.

The greatest constraint placed by the fluctuations is on sources
roughly an order of magnitude in flux bo low resolved sources. However
care is required in interpreting the limits on N(S). The formal
validity of the confidence region rests on the assumption that the
actual N(S) is well modelled by a single power law continuing without
change of index past the lower limits of the region. More complicated
models that do not lie wholly within the indicated region may be
acceptable, e..&. the dashed line of Figure 3. This line is a schematic
representation of the N(S) behavior of sources observed directly at
higher fluxes and extrapolated without evolution to the lower values of

4
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S using the appropriate luminosity functions,

To assess the degree of source evolution at low fluxes, direct

measuments of N(S) would be the easiest to interpret. The deep surveys
performed with the Einstein observatory C^ •$ • Giacconi et al. 19791
provide such information, However information from the deep survey,
indicated by the two bars labeled DS in Figure 3, also have problems of
interpretation. One difficulty is in transforming source fluxes from
the Einstein 1-3 keV band to the higher energy band measured In the A--2
data without good spectral information. The upper-right bar of the pair
uses the published presumption that the sources have a 1.4 index power
law photon spectrum, typical of the unresolved sky flux In the 2-10 keV
band. The lower-left bar instead assumes that the deep survey sources
have the 1,7 Index spectra characteristic of active galactic nuclei.
Both bars assume that N(S) is Euclidean at the sleep survey flux limit.
If Y were nearer that of the urcevolved population's models at that flux,
Y -1.8, or if the sources were strongly evolving so that Y were near 3,
the bars would be adjusted to 50%-130% of their indicated value.
Conclusions drawn from the deep survey results must expl .ictl.y consider
the impact of these assumptions. Results from the Einstein medium

survey (see e .g. Maccacaro et al. 1982 1 show source evolution less

indirectly.

6. Mccess Variance

Tile fluctuations can be totally described by models of non-
evolving sources, such as the dashed line in Fig ure 3. The 90% upper
bound to any additional variance, added as a pure Gaussian,, is o21 <
0.057 (counts exp )2 . If we assume that the unevolved populations
account for 20% of the sky intensity then Q 1 is S1.7% of the ;remaining
intensity. Any other source of variation is constrained by this limit.

Any evolving populations's distribution, Nev (S), is a source of
fluctuations. It must satisfy the integral constraint

	

02 S - f dS S2 Nev (S) .	 [5)

02S is a measure of the excess variance that ! is independent of the

measurement solid angle, a2S S 7x10`4 (counts s cm- )2 . The impac, of
this limit depends on ttie particular form of N ev (S) but if the evolved
sources are to make up the remainder of the sky flux we place a lower
limit on the number of sources at 5 75 per sq.1are 5egree andl3an upp ei

lim t on their mean flux at 1.•5x10` counts s` cm` (2.Ox1O` 	erg s
cm-1 ) • IF we assume that Niev ( S )2 is of the form 41r kev S`3 we can set a
limit KS1.7x10	 (counts s	 cm7- )2, indicated by the right-hand hatched

Line in Figure 3. A wide Latitude for the behavior of Nev(S) is

allowed.

These limits all assume that the sources that make up the
background are not clustered, that is, their distribution among the
measurements is Poisson. tae can estimate that the total allowed
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variation on a scale of 26 square degrees, roughly the size or" a Schmidt
survey plate, 

is 
2.0%. If ^)$Os contribute all of the remaining sky

flux, then this limit means that the total (6NINNSo <S 0.023, where N is
the 

mean 
number of QS0s 

on 
a ocale of 216 square Z egrees, and SN is the

total variation including Poinson statistics and clumping. If we assume
the number of Q80s io -200 per square degree in order to estiti ►ate the
Poisson noise portion, the additional variation due to clumping anti be
at most 1.9%. If QS09 are observed to have clustering with a larger
value of SN on these scales, then the excess variance places an upper
bound on their contribution to the total aky flwx.

Figure 4 v Preliminary tipper
bounds on magnitude of large	 8 .')
scale structure from limits of
X-ray excess variance.

16,
K

POWER SPECTRUM
INDEX LO (2-0.5)

SINGLE SCALE (2-Q5)

SINGLE SCALE
(2 4 Z 's 3)

103
	 104

SCALE OF STRUCTURE (Mpe)

Viguro 4 ShOWS estimates of the limits on the large 
Scale

structure of the universt, ploced by a previous tipper bound oil the excess
variance. The three curves illustrate the depolidonee of the limits on
models of the structure au well as on the origins of the X-ray sky. Two
of the curves compare the case for tin unevolved origin of the sky flux,
"z"O-5, and the density variation restricted to a single scale or defined
by a power spectrum with index 1.8, typical of the inferred distribution
at smaller scales (see e.,Q. Peebles 19801, 

The 
third curve is for a

single scale of variation where the sky flue is dominated by an evolved
component. with 24zS3.

7. Conclusions

All small scale fluctuations are consistent with what we expect
from known, unevolved populations of sources resolved by HEAO 1. The
Large scale variation, dominated by m galactic anisotropy, also admits a
dipole signal which may be interpreted as a Compton-Getting dipole
signal consistent with the microwave results, although other
interpretations are possible. The bound on any excess variance places
limits on structures at moderate redshift and of large scale otherwise
not easily accessible.

We would like to thank our colleagues at GSFC, particularly
C.M. Urry, for their contributions and critical advice on this
presentation. ACF aknowledges the financial support of the Royal
Society of London.
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X-RAY OBSERVATIONS Off' ACTIVE GALACTIC NUCLEI

C. Megan Urry i,
Richard F. Mushotzky, Allyn F. Tennant 2>

Elihu A. Boldt, Stephen S. Hoff

NASA/Goddard Space Flight Center, Greenbelt, MD, USA

ABSTRACT

EAO l A2 and Einstein SSS spectral observations of Seyfert

galaxies and BL Lac objects suggest that in both cases, the X-ray

emission is clue to relativistic particles. The five BL Lac objects have

very soft spectra and at higher energies (above 10 keV) 	 may have hard

tails. Combining our X-ray data with radio, infrared, optical, and

ultraviolet observations, we can fit the BL Lac spectra with the

familiar synchrotron self-Compton model if we allow for relativistic

beaming (Urry and riushotzky 1982, Urry et al. 1982). 	 We show that

Doppler beaming of an underlying (Seyfert-like) 	 source population

flattens the observed luminosity function, and we emphasize that the

relative numbers of BL Lacs and quasars in given spectral intervals are

strong functions of selection effects, the degree of Doppler 'beaming,

lalso Johns Hopkins University, Baltimore, MD, USA
2atso University of Maryland, College Park, MD, USA
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and the form of the intrinsic luminosity function.

(	 The twenty-eight X-ray spectra of Seyfert galaxies are remarkably

homogeneous:	 all are well-fit by power laws with mean energy spectral

index Q( - 0.65 ± 0.13, where the latter number indicates the dispersion

(Mushotzky et al. 	 1980, Mushotzky 1982).	 ';Chas power law, taken with

the lR-optical-UV emission, suggests that Compton scattering is the

dominant X-ray production mechanism. No changes in spectral Corm are

seen on short (10-10 4 s) or long (0.5-1.5 yr) timescales in either the

A2 (2-40 keV) or SSS (0.5-3.5 keV) data even when the intensity of the

source changes.	 With one major exception (NGC 6814), no variability

with 41/1 > 0.1 is seen for timescales of 5 seconds to 6 hours (Tennant

and Mushotzky 1982). For 6 month timescales, at most one third of the

galaxies are variable in intensity, and these tend to be the lower

luminosity objects.
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