
Introducción a los 
Rayos X en Astrofísica

Elena Jiménez Bailón



Resumen

• Qué estudia la ciencia de los Rayos X? Objetos 
que emiten en rayos X y objetos interesantes 

• Tecnología: Cómo son detectados los Rayos X 

• Análisis de datos: Problemas especiales de los 
rayos X



LOS RAYOS X



LOS RAYOS X : observando lo violento
• Estadíos finales de la evolución estelar 

• Supernovas 
• Remanentes de supernovas 

• Enanas blancas (variables cataclísmicas) 
• Estrellas de neutrones (pulsares) 
• Agujeros Negros estelares (Binarias de rayos X) 
• Galaxias con Formación Estelar 
• Galaxias Activas 
• Cúmulos de Galaxias

REMANENTES 
DE 

SUPERNOVA

El “GORDO”

M31



LOS RAYOS X

VENUS EN RAYOS XVENUS EN RAYOS X



LOS RAYOS X

Emisión de cuerpo negro --> temperaturas > 106 k 
Material casi completamente fotoionizado, no hay moléculas 

Procesos de rayos X: 
• Libre-libre o Bremsstrahlung (incluido sincrotrón) 
• Libre-ligado o recombinación radiativa 
• Radiación Compton (directa e INVERSA!)

Emisión de Continuo

bremsstrahlung

recombinación raditiva

efecto comptonsincrotrón 

Fairall 31



LOS RAYOS X

líneas de emisión y absorción

• Radiación ligado-ligado: e- cambia de un nivel atómico de mayor energía a otro de menor energía 
• Radiación de fluorescencia: fotón excita un átomo 
• Intercambio de carga: ión interacciona con un átomo neutro y cambian los electrones 
• Absorción ligado: átomo absorbe un fotón de una energía bien definida  

Intercambio de cargaradiación ligado-ligado



LOS RAYOS X
líneas de emisión y absorción
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LOS INSTRUMENTOS

XMM-NEWTON  
CHANDRA 
SUZAKU
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The Crab Nebula:
In 1054 AD, Chinese astronomers 

and others around the world 
noticed a new bright object in the 
sky. This “new star” was, in fact, 

the supernova explosion that 
created what is now called the 

Crab Nebula. At the center of the 
Crab Nebula is an extremely 

dense, rapidly rotating neutron 
star left behind by the explosion. 
The neutron star, also known as a 
pulsar, is spewing out a blizzard 

of high-energy particles, 
producing the expanding X-ray 
nebula seen by Chandra. In this 
new image, lower-energy X-rays 
from Chandra are red, medium 

energy X-rays are green, and the 
highest-energy X-rays are blue



Casssiopea A
At the center of the image 
is a neutron star, an ultra-
dense star created by the 
supernova. Ten years of 

observations with Chandra 
have revealed a 4% 

decline in the temperature 
of this neutron star, an 

unexpectedly rapid 
cooling. Two papers by 
independent research 
teams show that this 

cooling is likely caused by 
a neutron superfluid 
forming in its central 
regions, the first direct 
evidence for this bizarre 

state of matter in the core 
of a neutron star.
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Galaxias Normales

Componentes fundamentales de la emisión en rayos X de las galaxias

Los espectrógrafos de alta resolución permiten 
estudiar las líneas de absorción en bandas K y L de 
varios elementos, los más abundantes: Oxígeno y 
Neón. 
Con ellos es posible hacer diagnóstico del gas del 
medio interestelar: abundancia, temperatura, 
velocidad y la absorción. 

LMC-X3 --> Wang et al. 2005; Yao et al 2008,2009 

Mrk 421 

�	���������

•!One line (e.g., OVII K!) ! velocity 
centroid and EW ! constraints on 
the column density, assuming  b and T 
•!Two lines of different ionization 
states (OVII and OVIII K!) ! T 
•!Two lines of the same state (K! and 
K") ! b 
•!Lines from different species ! 
abundance fa  
•!Joint-fit of absorption and emission  
data --> pathlength and density 
•!Multiple sightlines --> differential 
hot gas properties 

Spectroscopic diagnostics 
+ Binarias de rayos X y variables cataclísmicas 
+ Remantes de Supernovas 
+ Estrellas normales 
+ Gas caliente 
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Galaxias Normales

NGC 4594:  
T~6x106 k 
Lx ~ 4x1039 erg/s 
Li et al. 2007

Componentes fundamentales de la emisión en rayos X de las galaxias

+ Las galaxias normales viven en una gran 
burbuja de gas caliente que emite en rayos X 
+ El gas se extiende unos pocos Kpc (aunque 
para SB puede ser mayor) 
+ Dos componentes del gas difuso caliente: 1) El 
disco dominado por estrellas masivas 2) el bulbo 
dominado por variables cataclísmicas y estrellas 
activas 
+ La temperatura típica del gas caliente es de 
106 K pero hay evidencias de gas a 107 K 
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Galaxias Normales

Los supervientos galácticos juegan un papel fundamental en la 
retroalimentación: los vientos estelares y las supernovas son responsables de 
crear la fase caliente y muy enriquecida del gas interestelar a T~106-7 K que 
emiten en rayos X. 
Mass rate =2 Msol/año Strickland et al 2009

2 kpc

1 kpc

16 kpc

(log M stellar ~8.5)NGC 1569

(log M stellar ~11)Arp 220

(log M stellar ~10)Messier 82(a) (b)

(c)

Fig. 1: Superwinds in nearby starburst galaxies of di↵erent mass. (a) Messier 82: The archetype
of a starburst-driven superwind, as seen by the three NASA Great Observatories. Di↵use thermal
X-ray emission as seen by Chandra is shown in blue. Hydrocarbon emission at 8µm from Spitzer
is shown in red. Optical starlight (cyan) and H↵+[Nii] emission (yellow) are from HST ACS
observations. (b) The dwarf starburst NGC 1569. X-ray emission is shown in green, H↵ emission
in red, optical starlight in blue, and HI column density as white contours (Martin et al. 2002). (c)
The Ultra-luminous IR galaxy and merger-driven starburst Arp 220. X-ray emission is shown in
green, H↵ emission in red, and J-band starlight in blue.

– 108 K and predominantly emit and absorb photons in the X-ray energy band from E ⇠ 0.1
– 10 keV. Line emission (from highly-ionized ions of the astrophysically important elements
O, Ne, Mg, Si, S, and Fe) dominates the total emissivity of plasmas with temperatures
T⇠<107 K, and at higher temperatures Ar, Ca and in particular Fe also produce strong lines.
Although the hot phases probably do not dominate the total mass of the ISM in normal spiral
galaxies (observationally the properties of the hot phases are uncertain and remain a subject
of vigorous ongoing research) they dominate the energetics of the ISM and strongly influence
its phase structure (Efstathiou2000). X-ray observations are a natural and powerful probe of
the composition and thermodynamic state of hot phases of the ISM in and around galaxies,
and thus are also a powerful tool for exploring the physics of feedback.

This White Paper focuses on the intersection of Cosmic and Stellar Feedback. The intense
star formation occurring in starburst galaxies leads to the creation of energetic metal-enriched
outflows or superwinds that may pollute the IGM with metals and energy. A high priority for
the next decade is to enable direct measurements to be made of the rates at which starburst
galaxies of all masses eject gas, metals, and energy into the IGM.
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Roughly face−on
starburst galaxy Legend:

Galaxy disk

Starburst region

Velocity vectors

X−ray emitting
plasmas

Entrained
cooler gas

starburst galaxy
Roughly edge−on

Fig. 3: Schematic diagram of a superwind
viewed from di↵erent angles, with phase-
dependent velocity vectors added to illus-
trate the line of sight velocity components
expected. The combination of galaxy incli-
nation and geometrical divergence within the
wind leads to velocity shifts in the line cen-
troids and line broadening or splitting. The
resulting velocity components along the line
of sight are significant fractions of the in-
trinsic velocity even in roughly edge-on star-
bursts. This diagram is simplified in that no
acceleration or deceleration or change of ge-
ometry of the flow with position is shown. In
practice we would look for such changes (in
particular in roughly edge-on systems) using
spatially-resolved X-ray spectroscopy. [Fig-
ure best viewed in color.]

Although the average galaxy with a superwind at z ⇠ 3 has a higher net star formation
rate than the average local starburst, local starbursts with superwinds cover the same range
of fundamental wind parameters such as warm gas outflow velocity and mass flow rate,
and star formation rate per unit area, as high redshift starbursts. There are no significant
obstacles that prevent us from applying the physics of local superwinds to superwinds at the
epoch of galaxy formation.

3 Creating A Future for Superwind Studies

Without direct measurements of the velocity of the hot gas in a superwind, which can only be
obtained with a high resolution X-ray imaging spectrometer, we can not know whether the
hot metals created in the starburst have su�cient energy to escape the galactic gravitational
potential well and reach the IGM.

High spectral resolution would automatically allow the use of line-ratio-based tempera-
ture and ionization state diagnostics, and thus lead to more accurate elemental abundance
determinations. Combined with velocity measurements we would obtain the mass, metal
and energy flow rates that we require to assess the impact and influence of superwinds.

High sensitivity will allow robust spectroscopy of the very faint soft X-ray emission from
the halos of starburst galaxies and the accumulation of moderately-sized samples of local
galaxies covering meaningful ranges in parameter space. We require measurements of gas
velocity and ejection rates in superwinds covering a range of di↵erent galaxy mass and star
formation rate to assess which class of galaxies dominates the metal enrichment of IGM in
the present-day Universe, and in order to relate the results to higher redshift galaxies and
local galaxy properties such as the galaxy M � ye↵ relationship.

This is not to suggest that advances in theoretical or other observational capabilities are
neither welcome nor necessary. For example, UV/optical spectroscopy of the warm neutral
and warm ionized phases (entrained gas) in superwinds provides the vital link that allows
us to relate the properties of z ⌧ 1 superwinds to the starburst-driven outflows at redshifts
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Componentes fundamentales de la emisión en rayos X de las galaxias
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An Intermediate-Mass Black Hole In ESO 243-49

• 2XMM J011028.1-460421 
identified in 2XMM Serendipitous 
Source catalogue

• Located in the edge-on spiral 
galaxy ESO 243-49 Î distance

• S. A. Farrell, et al., 2009, Nature 
460, 73

Î Variability establishes single source

Î L = 1.1 x 1042erg s-1 Î m > 500 Mo
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Agujeros Negros Intermedios

2XMM J011028.1-460421  

+ Identificado en el 2XMM Serendipitous Source Catalogue 
+ Cerca de ESO 243-49  
+ Estudios de variabilidad indican que se trata de una sola fuente  
+ L=1.1x1042 erg/s y M> 500 Msol 

                   Farrell, et al., 2009, Nature 
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Núcleos Galácticos Activos
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Núcleos Galácticos Activos

Emisión en Rayos X de los AGN 

+ Emisión del disco de acreción 
+ Efecto Compton Inverso con los e-!

de la corona  
+ Espectro de reflexión 

La línea de Fe
¿Dónde y cómo se origina?

Los disco de acrecimiento de los AGN emiten de una forma cuasi-térmica con temperaturas 
que van de 105-6 K, cuyo máximo se encuentra en el UV. 

Sin embargo, al observar espectros de AGN, se observa que emiten por encima del UV, con 
forma de ley de potencias. El mecanismo físico más eficaz para obtener fotones de mayor 
energía a partir de fotones de menor energía es el Efecto Compton Inverso.

Los fotones obtenidos a través del efecto Compton presentan emisión de tipo ley de 
potencias. Efectivamente, los electrones continúan cediendo energía a los fotones hasta 
que que alcanzan la energía de los electrones. 
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La línea de Fe
¿Dónde y cómo se origina?

Al hacer incidir una ley de potencias sobre una lámina 

semi-infinia de gas (que modela el disco de acrecimiento) 

se genera el espectro de reflexión.

En la parte de los rayos X suaves, los fotones son 

absorbidos de forma eficaz por los átomos de metales 

neutros. 

Los metales fotoionizados generan un espectro de 

fluorescencia donde la línea más prominente es la del Fe.
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  la corona -> ley de potencias 
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Núcleos Galácticos Activos
Emisión en Rayos X de los AGN 
+ Emisión del disco de acreción 
+ Efecto Compton Inverso con los e- de la corona  
+ Espectro de reflexión 
+ Línea de emisión de Fe a 6.4 keV 
+ El “Soft Excess” 
+ La absorción fría 
+ La absorción tibia 

La línea de fluorescencia FeK! es la más prominente de todas las líneas del espectro en rayos X. 
Esto es debido al campo de fluorescencia y a la gran abundancia de este elemento. 
Existen dos tipos de líneas de Fe: 
1) La línea estrecha de Fe se genera en material neutro o muy poco ionizado, su anchura 
equivalente es del orden de 200 eV. El lugar donde se genera aún no se conoce con certeza, 
podría ser el toro, la NLR o la BLR. 
2) Cuando la línea se genera en las regiones interiores del disco de acrecimiento, los efectos 
gravitatorios se hacen importantes y hacen que la línea se ensanche y se corra al rojo.
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¿Dónde y cómo se origina?
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� � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � ! � ! �

El hecho de que este originándose en un disco que está 
girando hace que se generen dos picos de emisión, 
corridos uno al azul otro al rojo. 

La relatividad especial, que debe aplicarse debido al 
hecho de que el material se esta moviendo a grandes 
velocidades, hace que el pico azul sufra un aumento 
frente al pico rojo.

La relatividad general hace que el perfil de la línea se 
ensanche y se corra hacia el rojo, por el llamado efecto 
Doppler transversal (el material que se mueve a gran 
velocidad se retarda) y corrimiento al rojo gravitacional 
(el material cerca del influjo de un intenso potencial 
gravitatorio se retrasa). 

La línea de Fe
¿Dónde y cómo se origina?

El ángulo de inclinación con el que vemos el disco tiene el efecto 

de mover el pico azul mayores energías según aumenta el ángulo.

La línea de Fe
¿Dónde y cómo se origina?

Forma de la línea ancha de Fe para diferentes espines

Dependencia con diferentes parámetros 
Estudios sistemáticos: FERO, GREDOS, Jiménez-Bailón et a. 
2005, Nandra et al 2007; Bhayani et al. 2011
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– line ration (photons) 1:20
– 1.3 – 400 rg
– emissivity index 4
– a > 0.98
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Î Negative lag for f> 6 x 10-4 Hz
Î Power law changes before refection 
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1H 0707-495

La línea de Fe relativista

La línea de Fe
¿Dónde y cómo se origina?
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Newtonian
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El hecho de que este originándose en un disco que está 
girando hace que se generen dos picos de emisión, 
corridos uno al azul otro al rojo. 

La relatividad especial, que debe aplicarse debido al 
hecho de que el material se esta moviendo a grandes 
velocidades, hace que el pico azul sufra un aumento 
frente al pico rojo.

La relatividad general hace que el perfil de la línea se 
ensanche y se corra hacia el rojo, por el llamado efecto 
Doppler transversal (el material que se mueve a gran 
velocidad se retarda) y corrimiento al rojo gravitacional 
(el material cerca del influjo de un intenso potencial 
gravitatorio se retrasa). 
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La línea de Fe relativista

 Resultados 

+ 10% de las fuentes presentan la línea de Fe ancha  

+ En la muestra limitada en flujo, el 36% presentan 
línea de Fe ancha 
+ Todas las detecciones se producen para L< 1044 
erg/s 

+ Igualando el número de fuentes tipo QSO y 
Seyfert no se encuentra ninguna diferencia. 

+ El valor medio de la inclinación es de 28±5 deg 

+ El spin no puede ser determinado con precisión 

12 Guainazzi et al.: The ultimate driver of relativistic effects in AGN
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Fig. 9. Spectra (upper panels) and residuals in units of standard deviations (lower panels) when the best-fit models as
in Tab. 3 are applied to the GREDOS sample.
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NGC3516: Además de la línea de hierro a 6.4 
keV, se detecta una línea a 6.1 keV que varía su 
energía dentro de la observación desde 5.7 a 
6.5 keV que se explica mediante un “hot spot” 
que co-rota en el disco a una distancia entre 3.5 
y 8 rg 
Iwasawa et al. 2005

La línea de Fe “elusiva”

34

Flux And Energy Modulation Of Iron Flux And Energy Modulation Of Iron 

Emission In NGC 3516Emission In NGC 3516

• K. Iwasawa, G. Miniutti, A.C. 
Fabian, 2004, MNRAS 355, 1073

  “Co-rotating” flare at a (3.5-8) rSch

• Mass of the BH: (1-5) × 107Mo

34

Flux And Energy Modulation Of Iron Flux And Energy Modulation Of Iron 

Emission In NGC 3516Emission In NGC 3516

• K. Iwasawa, G. Miniutti, A.C. 
Fabian, 2004, MNRAS 355, 1073

  “Co-rotating” flare at a (3.5-8) rSch

• Mass of the BH: (1-5) × 107Mo
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+ Emisión del disco de acreción 
+ Efecto Compton Inverso con !
  la corona -> ley de potencias 
+ Espectro de reflexión 
+ Línea de emisión de Fe 
+ El “Soft Excess” 
+ La absorción fría 
+ La absorción tibia 
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Emisión en Rayos X de los AGN
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DEFINICIÓN: Exceso de la emisión por encima de 1 keV 
FRECUENCIA: 50-60% of ASCA AGN George et al.1998,  
                   Reeves & Turner 2000 
                   80% de PG-QSO Piconcelli & Jiménez Bailón 2005 
                   70% de XAWS AGN Scott et al. 2011 

ORIGEN:    + Un origen térmico está descartado porque se  
                 encuentra a temperatura constante Jimenez-Bailón 
                 et al. 2005; Mateos  2010 

   + Un origen atómico requiere embarramiento  
    relativista muy importante en el espectro de 
    reflexión 

                 ¡ORIGEN DESCONOCIDO! 

31

Broad line emission from iron K- and L shell 

transitions in the active galaxy 1H 0707-495

• narrow line Seyfert 1 

Î broad lines from iron K- and L shell 

characterized by:

– line ration (photons) 1:20
– 1.3 – 400 rg
– emissivity index 4
– a > 0.98

Î Frequency-dependent lags between 

the 0.3-1-keV and 1-4-kev band

Î Negative lag for f> 6 x 10-4 Hz
Î Power law changes before refection 

• A.C. Fabian, 2009, Nature 459, 540

El “Soft Excess”
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+ Emisión del disco de acreción 
+ Efecto Compton Inverso con !
  la corona -> ley de potencias 
+ Espectro de reflexión 
+ Línea de emisión de Fe 
+ El “Soft Excess” 
+ La absorción fría 
+ La absorción tibia 
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Emisión en Rayos X de los AGN
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Absorción fría

  

Emission components

cold
 re

fle
ctio

n

power law

FeK

  

Cold absorber
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Absorción fría

NGC 1365

  

NGC 1365: Summary of spectral variability

  

Intra-day NH variations XMM 4: 60 ks

  

NGC 1365: The best laboratory to investigate 
the absorber in obscured AGN

Hard X-ray observations:

ASCA (1995)            40 ks
BeppoSAX (1997)    30 ks 
Chandra (Dec 2002) 15 ks
XMM 1 (Jan 2003)   17 ks
XMM 2 (Jan 2003)   10 ks
XMM 3 (Aug 2003)  15 ks  
XMM 4 (Jan 2004)   60 ks
XMM 5 (Aug 2004)  60 ks

Chandra (Apr 06)  6x15 ks

XMM 6 (May 07)  4.5 days



8

Núcleos Galácticos Activos

Absorción fría NGC 1365

  

D

L

L/V(D-L)/V
L/V

VK

T

F

Complete occultation in ~ 2 days

2 days4h 4h4h 2 days

+ Suponiendo V=10,000 km/s 
+ Tamaño de 4x1013 cm  
    --> Distancia Tierra-Sol 
+ Localizada a 10 rg 
+ M=107.5 Msol

  

The structure of the circumnuclear medium in AGNs

FUTURE:

Few other known cases of 
changing-look AGNs

A new Chandra campaign
on UGC 4203

    few bright sources
    with 1023 < NH < 1024 cm-2

Systematic analysis of 
XMM-Newton catalog to
search for NH variations
within single observations

¡muchos ejemplos más! 

UGC4203 

NGC 4388 

      NGC 4151 ....
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+ Emisión del disco de acreción 
+ Efecto Compton Inverso con !
  la corona -> ley de potencias 
+ Espectro de reflexión 
+ Línea de emisión de Fe 
+ El “Soft Excess” 
+ La absorción fría 
+ La absorción tibia
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DETECCIÓN:   40-60% de los QSO !
                    80% de las galaxias Seyfert seleccionadas en!
                    rayos X duros  

!"#$%&'(%)*+,-).#

/01*&"'&22"3%4516%#789+:)#9)7"9%7)7*-&+")'%#+*("8#;3%<8:-"'3%=>?@A?=@BB

!8'#"+C%7:),"-8%"'%&%9)):("'&+8%#C#+8D%98'+8:8(%)'%+E8%<F

=G!%/F!%&'(%-"'8G(:"H8'#%D)(8-%),%
&99:8+")'%("#$%'&+*:&--C%7:8("9+%
D&##"H8%)*+,-).#%IJ:)K&%8+%&-0%=@@@3
L"'K%M%J)*'(#%=@@N3%J:)K&%M%L&--D&''%
=@@O3%!):)('"+#C'%8+%&-0=@@P3%Q"D%8+%&-0%

=@@P3%=@B@3%Q9E*:9E%8+%&-0%=@@>R

(Courtesy Daniel Proga)

Absorción tibia

PROPIEDADES:  

Espectros de alta resolución: “SOLO 

UNOS POQUITOS”, del orden de 20.  

Diagnóstico de las condiciones físicas 
del gas, densidad, velocidad de 
outflow, turbulencia, abundancia, 
ionización y localización 

DISTANCIA DEL WA: 

+ 0.1-100 pc   

+ pero con estudios de variabilidad se 
han encontrado distancias de 10-4-10-6 
pc con variabilidad 
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IMPLICACIONES:  

+ Las galaxias Seyfert estándar (1043 erg/s) pueden 
inyectar gas al ISM hasta de 108 Msol en toda su vida y 
elevar su temperatura a 107 K 

+ Los QSO más pontentes pueden incluso elevar la masa 
de gas inyectado hasta ser capaces de desligar una galaxia 
de 1011 Msol y sigma=300 km/s y enriquecer el medio 
intergaláctico 

+ UFOs v>10,000 km/s presentes en el 35% RQQ !

Absorción tibia !"#$%&'(%)*+,-).#

/01*&"'&22"3%4516%#789+:)#9)7"9%7)7*-&+")'%#+*("8#;3%<8:-"'3%=>?@A?=@BB

!8'#"+C%7:),"-8%"'%&%9)):("'&+8%#C#+8D%98'+8:8(%)'%+E8%<F

=G!%/F!%&'(%-"'8G(:"H8'#%D)(8-%),%
&99:8+")'%("#$%'&+*:&--C%7:8("9+%
D&##"H8%)*+,-).#%IJ:)K&%8+%&-0%=@@@3
L"'K%M%J)*'(#%=@@N3%J:)K&%M%L&--D&''%
=@@O3%!):)('"+#C'%8+%&-0=@@P3%Q"D%8+%&-0%

=@@P3%=@B@3%Q9E*:9E%8+%&-0%=@@>R

(Courtesy Daniel Proga)
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Emisión en Rayos X de los AGN 

+ Emisión del disco de acreción 
+ Efecto Compton Inverso con !
  la corona -> ley de potencias 
+ Espectro de reflexión 
+ Línea de emisión de Fe 
+ El “Soft Excess” 
+ La absorción fría 
+ La absorción tibia 
+ Los jets 
+ .... 

!"#$%&'"()* +,#$*-*./)#()*0102%"3%.%-'*
24$"% 567685677

9:5:;*"-%"0%<"=$>*)(%?*.="0@=0.%"0!AB

Gilli(2007)

Risaliti & Elvis (2004)
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Cúmulos de Galaxias

+ El cúmulo más distante 
encontrado con rayos X T~8X106 k 

+ El cúmulo más masivo encontrado 
a z>1 Rosati et al. 2009 

* hay muchos más en XCF pero 
están aún sin confirmación 

May 30, 2008 Monique ARNAUD 10th Anniversary of XMM-Newton 

The most distant confirmed cluster  

Stanford et al, 06 

XMMXCS J2215.9-1738 @ z=1.45 

T~7 keV 

Clusters in the early (1/3 age) Universe   

The most massive @ z>1  

More with XCS  on cosmology with N(M,z) … 

XMMXCS J2235-2557 @ z=1.39 

T~8.6 keV M=5.91014 M0 

Mullis et al, 04; Rosati et al, 09 

May 30, 2008 Monique ARNAUD 10th Anniversary of XMM-Newton 

The most distant confirmed cluster  

Stanford et al, 06 

XMMXCS J2215.9-1738 @ z=1.45 

T~7 keV 

Clusters in the early (1/3 age) Universe   

The most massive @ z>1  

More with XCS  on cosmology with N(M,z) … 

XMMXCS J2235-2557 @ z=1.39 

T~8.6 keV M=5.91014 M0 

Mullis et al, 04; Rosati et al, 09 

Estructura a Gran Escala
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Cúmulos de Galaxias

+ La química de los cúmulos de galaxias 

+ El 30% de sus estrellas terminaron 
como enanas blancas: SN Ia 
+ El 70% como estrellas colapsadas al 
final de sus vidas 

Werner et al. 2007 
de Plaa et al. 2006 

Estructura a Gran Escala

37

  Origin Of Elements In Galaxy Clusters Origin Of Elements In Galaxy Clusters 

• Abundances  
– 30% of the supernovae in these clusters 

were exploding white dwarfs (Type Ia’)
– 70%  were collapsing stars at the end of 

their lives (core collapse)

Sersic 159-03            2A 0335+096 

N. Werner, et al. , 

2006, A&A 446, 475; 

J. de Plaa, et al. 
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& 2007, A&A 465, 

345

37

  Origin Of Elements In Galaxy Clusters Origin Of Elements In Galaxy Clusters 

• Abundances  
– 30% of the supernovae in these clusters 

were exploding white dwarfs (Type Ia’)
– 70%  were collapsing stars at the end of 

their lives (core collapse)

Sersic 159-03            2A 0335+096 

N. Werner, et al. , 

2006, A&A 446, 475; 

J. de Plaa, et al. 

2006, A&A 452, 397 

& 2007, A&A 465, 

345

CNA guadalajara, 23 septiembre 2011                                                                                                                                                



8

Cúmulos de Galaxias

+ El problema de los núcleos fríos:  
“El tiempo de enfriamiento dinámico 
de los centros de los cúmulos de 
galaxias es menor al esperado” 

+ 50-70% de los cúmulos locales 
presentan núcleos fríos 

J.S.Santos et al.: The evolution of cool-core clusters

nificantly evolve up to z ∼ 0.4. Their results, based on spa-
tially resolved spectroscopy, showed that clusters in this redshift
range have the same temperature decrement (about one-third),
as the nearby CC’s, and in addition, their central cooling times
are similar.

At present, about twenty X-ray clusters with z > 1 have
been confirmed. While most of them were detected in ROSAT
surveys, a significant fraction of serendipitous high-z clusters
has been added in recent years thanks to the XMM-Newton
archive. Nevertheless, the largest distant cluster samples with
sufficiently deep follow-up observations are still the ones from
ROSAT. Therefore, the study of the presence of cool-cores at
redshift greater than 0.5 is plagued by low statistics, and cur-
rently is limited to two works. Using the 400 Square Degree
Survey (hereafter 400 SD, Burenin et al. 2007) which reaches
z = 0.9, Vikhlinin et al. (2007) concluded, on the basis of
a cuspiness parameter defined as the logarithmic derivative of
the density profile, that there is a lack of cool-core clusters at
0.5< z <0.9, with respect to the local cluster population. They
propose that such a strong negative evolution may be related to
the higher cluster merging rate expected at these redshifts.

In Santos et al. (2008), we adopted a simple diagnostic based
on the concentration of the surface brightness (which strongly
anti-correlates with the central cooling time), and measured the
fraction of cool-cores out to the current redshift limit (z ∼ 1.4)
using mostly the RDCS sample. At variance with previous re-
sults, we found a significant fraction of what we term moderate
cool-cores. To clarify these results we need a more detailed in-
vestigation as we propose in this Paper.

We present a comprehensive analysis of the characterization
and abundance of cool-cores across the entire cluster population,
out to the current highest redshift where clusters have been de-
tected in the X-ray band. To this aim we analysed 3 representa-
tive samples corresponding to three different redshift ranges, us-
ing only Chandra data. The high-resolution and low background
of Chandra are the key features that distinguish it as the only X-
ray observatory capable of unveiling the small cores of distant
clusters. Our analysis, based on the observed surface brightness
and a simple concentration parameter (Santos et al. 2008), is uni-
form and robust over the entire explored range of redshifts. This
investigation enables us to assess the impact of detection bias in
the high-z cluster samples, and to measure on solid ground the
evolution of cool-core cluster distribution. Furthermore, we in-
vestigate the presence of radio sources associated with the clus-
ter cores by exploring the NVSS archive. Finally, we assess the
potential of the next generation X-ray surveymissionWide Field
X-ray Telescope (WFXT, Giacconi et al. 2009) in measuring the
cool-core evolution.

The paper is organized as follows: in §2 and §3 we describe
the low and high redshift samples, respectively. In §4 we de-
scribe the data reduction and analysis, devoting §5 to a careful
investigation of the surface brightness concentration parameter.
In §6 we perform surface brightness fits to the data using the
well-known β-models. The entropy profiles and a histogram of
K20 are discussed in §7, and the cooling time distribution fol-
lows in §8. In §9 we investigate the presence of radio sources in
cool-core and non cool-core clusters. §10 is devoted to the future
perspective with a next-generation X-ray survey mission. Our
conclusions are summarized in §11. The cosmological parame-
ters used throughout the paper are: H0=70 km/s/Mpc, ΩΛ=0.7
and Ωm=0.3.

2. The low redshift sample

The measured fraction of local cool-core clusters ranges from
70-90% (Peres et al. 1998, from the B55 sample), to 49% (Chen
et al. 2007, from the HIFLUGCS sample), 45% (Sanderson et
al. 2009, from a subsample of HIFLUGCS), and more recently
44%-72% (Hudson et al. 2010, from the HIFLUGCS sample).
The differences in these fractions are mostly due to different def-
initions of cool-core. To date, Hudson et al. (2010) is the only ex-
haustive work that explores the definition of cool-core and com-
pares the currently used methods to quantify it. After examining
16 different cool-core diagnostics, they conclude that the central
cooling time is the best parameter for low redshift clusters with
high quality data, and the surface brightness concentration, cS B,
presented in Santos et al. (2008), is chosen as the best parameter
for distant clusters. These results reinforce our strategy to apply
the same concentration diagnostics to local and distant cluster
samples, and compare directly the measured distributions, avoid-
ing the use of a sharp threshold in the definition of the cool-core
strength.

The local cluster sample used in this work is drawn form
the catalog of the 400 Square Degree (SD) Survey (Burenin et
al. 2007), an X-ray survey which detected 266 confirmed galaxy
clusters, groups or individual elliptical galaxies out to z ∼ 1 us-
ing archival ROSAT PSPC observations. The sample is complete
down to a flux limit of 1.4 × 10−13 erg s−1 cm−2. We extract a
subsample of clusters observed with Chandra with z >0.05, in
order to be able to sample the surface brightness profiles out to a
radius of 400 kpc within the field of view. Hence, our local sam-
ple spans the redshift range [0.05 - 0.217] (with a median red-
shift ⟨z⟩ = 0.08) and includes 28 clusters (see Table 1 and Fig.
1). The well-known clusters Hydra-A and S1101, which show a
very strong cool-core, are imaged only with ACIS-S and there-
fore we do not use them in our analysis.

Fig. 1. Low-z cluster sample drawn from the 400 SD survey.
Images are normalized by the exposure maps and smoothed with
a gaussian kernel of 3 pixel. The images have a size of 8×8 ar-
cmin and are ordered with increasing redshift. Physical sizes of
the individual images are shown in kpc at the bottom of the im-
ages.

2
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Cúmulos de Galaxias

+ La espectroscopía de alta resolución ha podido determinar las condiciones 
físicas del gas 

+ En el trabajo pionero de Abell 1835 encuentraron grandes cantidades de gas 
“frío”  en un medio multifásico rodeados por una burbuja de gas caliente kT=8.2 
keV 
+ La cantidad gas más frío, kT=2.7 keV, es mucho menor de la esperada según los 
modelos estándar para “cooling flows” 

Peterson et al. 2001  
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Abstract. We present detailed spatially-resolved spectroscopy results of the observation of Abell 1835 using
the European Photon Imaging Cameras (EPIC) and the Reflection Grating Spectrometers (RGS) on the XMM-
Newton observatory. Abell 1835 is a luminous (1046 ergs s−1), medium redshift (z = 0.2523), X-ray emitting
cluster of galaxies. The observations support the interpretation that large amounts of cool gas are present in a
multi-phase medium surrounded by a hot (kTe=8.2 keV) outer envelope. We detect O VIII Lyα and two Fe XXIV
complexes in the RGS spectrum. The emission measure of the cool gas below kTe=2.7 keV is much lower than
expected from standard cooling-flow models, suggesting either a more complicated cooling process than simple
isobaric radiative cooling or differential cold absorption of the cooler gas.

Key words. Galaxy Clusters: Individual: Abell 1835 – Galaxies: Cooling Flows – Techniques: Spectroscopic

1. Introduction

Previous soft X-ray imaging and medium spectral resolu-
tion studies have implied the presence of cool gas near the
centers of clusters (See e.g. Sarazin 1988, Fabian 1994).
For the Centaurus, Perseus, Virgo, and Coma clusters
there is direct spectroscopic evidence for cool gas from the
Einstein Focal Plane Crystal Spectrometer (Canizares et
al. 1979, 1982, Mushotzky & Szymkowiak 1988). Based
on simple, robust estimates for the electron densities and
temperatures, it is estimated that in the large majority of
clusters, gas in the central volume should cool radiatively
to very low temperatures on a timescale short compared to
the characteristic age of the cluster. Due to the consequent
lack of central pressure support, gas has to continuously
flow inward into the cluster potential.

This picture of cluster cooling flows is incomplete in
that the fate of the cooling gas is unknown. Material that
has cooled to below X-ray emitting temperatures generally
fails to be detected by emission at any other wavelengths,
although more recently there are indications that cold gas
may be distributed throughout the cooling flow. This gas

Send offprint requests to: jrpeters@astro.columbia.edu

Fig. 1. Smoothed logarithmic intensity EPIC-MOS image
of Abell 1835. The image is approximately 23 by 13 ar-
cminutes.

betrays its presence through X-ray absorption of the cool-
ing flow emission (but see below for evidence that such
absorption is not confirmed at higher spectral resolution).
A simple single phase model for the cooling gas based on
the conservation laws for the global flow predicts a sharply
peaked density distribution that is not consistent with the

Peterson et al.: X-ray Imaging-Spectroscopy of Abell 1835 5

Fig. 4. RGS spectrum of Abell 1835 and three models folded through the instrument Monte Carlo. The same corrections
and data selection cuts have been applied to the data and the simulated photons. The red model is an isothermal
8.2 keV model. The blue model has an hot ambient 8.2 keV component and an isobaric cooling flow component. The
green model is the same as the blue model but does not have emission below 2.7 keV. The details of each model are
described in the text. The spectrum is corrected for redshift, exposure, and effective area.

of the flow. It is also important to note that the other
XMM-Newton observations of clusters show very similar
results suggesting that this is a generic problem in cooling-
flow clusters (see Kaastra et al. 2000, Tamura et al. 2000).
Following, we discuss some possibilites.

Underestimate of the Cooling Function: The pre-
sented results depend somewhat on the cooling function
assumed below ∼ 1 keV, but the function would have to
be underestimated by a factor of at least 10 to explain the
results. However, for a gas at kTe=1 keV, we detect pri-
mary radiative cooling directly in the X-ray emission lines
in our band. From deep observations of coronal sources
(Brinkman et al. 2000), we know that the emission spec-
trum is accurately accounted for by the current spectral
models, and hence the cooling function does not have a
large error. Our results depend, however, on the metals
IGM being approximately homogeneously distributed.

Resonant Scattering + Cold Absorption: This
would be expected to be important in spectral lines with
high oscillator strength where the optical depth, τ ∼ 10
(e.g. 15 Å Fe XVII could be τ ∼ 100). Resonance line pho-
tons could then scatter several times within the medium,
which would appear to enhance the probability of photo-
electric absorption. However, because resonance scattering
of a single transition also has the effect of scattering the
photon in frequency, the photoelectric absorption proba-
bility is not enhanced by a large factor. Empirically, lines
with smaller oscillator strength, which are not subject to
resonance scattering at all, are not observed (e.g. 17.1 Å).

The 10.6 Å complex from Fe XXIV contains two medium
oscillator strength lines which are still observed.

Differential Cold Absorption: A column of 5 ×

1021cm−2 being selectively applied to the gas below 3
keV would explain the observed spectrum. The limit of
6× 1020 cm−2 on the column density being applied to the
hot gas, however, would make this a very specific partial
covering model. This could be reasonable, since the coolest
gas occupies the smallest volume and is likely to be near
the coldest material. The data, however, are inconsistent
with the entire cooling volume being occupied by cold ma-
terial. Further studies may help to constrain the mass and
location of the cold material as well as the volume fraction
of the cooling-flow.

Non-Equilibrium Ionization: This effect would
cause most ions to radiate at a lower temperature than is
expected from collisional equilibrium models. (Edgar and
Chevalier 1986). The recombination time scale for Fe XVII
at 107 K is (αrne)−1 ≈ (10−12 cm3 s−1×10−2 cm−3)−1 ≈

2 × 106 yr (Arnaud 1992). The cooling time, however, is
≈ 109 yr, so this is unlikely to be important.

Evolutionary Effects: The cooling time argument
assumes that evolutionary effects are unimportant. A re-
cent cluster merger, for example, would cause an overes-
timate of the cooling radius. This seems unlikely since we
would have to be fortunate enough to see the cooling-flow
just beginning. Another possibility is that there is secular
mass injection throughout the lifetime of the cluster. This
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Cúmulos de Galaxias

+ La teoría estándar de formación de 
estructuras predice la presencia de una 
red de filamentos que conecta cúmulos 
de galaxias 
+ La materia normal se acumula en las 
regiones de mayor densidad de materia 
oscura 
+ Finogenov et al. 2007 encuentran  en 
simulaciones que la mayor parte de la 
materia bariónica (difusos & calientes 
WHIM) del universo a z<2  se 
concentran en las regiones donde se 
forman filamentos. 

May 30, 2008 Monique ARNAUD 10th Anniversary of XMM-Newton 

R. Massey et al., 2007, Nature 

�! Loose network of filaments, growing over time 

�! Normal matter accumulates along the densest concentrations of dark matter. 

�! Consistent with predictions of gravitationally induced structure formation 

�! hot diffuse  baryons: groups at crossing  of filaments; no evolution up to z=1.3 
                                                                                                                        (Finoguenov et al, 07) 

The Cosmic Web, hot baryons and clusters 

COSMOS Field:1.6 deg2      

1000 h (HST)  400 h (XMM) 

ESO-VLT, CFHT, Subaru … 

          3D maps of 

• total amount of matter   

   5/6 dark matter (lensing) 

• cold baryonic matter 

           (opt+IR) 

• hot matter XMM-Newton (c) Pichon. Teyssier 2007 

Estructura a Gran Escala
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Cúmulos de Galaxias

+ Primera detección de filamentos en 
rayos X:  

 + El gas difuso y caliente que une dos 
cúmulos distantes Abell 222 y Abell 223 
  
T=107 K y densidad ~3x10-5 cm-3 

Werner et al 2008

Estructura a Gran Escala N. Werner et al.: Detection of hot gas in the filament connecting the clusters of galaxies Abell 222 and Abell 223 3

Fig. 1.Wavelet decomposed 0.5–2.0 keV image of Abell 222 (to
the South) and Abell 223 (the two X-ray peaks to the North). We
only show sources with > 5σ detection, but for these sources
we follow the emission down to 3σ. The filament connecting the
two massive clusters is clearly visible in the image. The regions
used to extract the filament spectrum and the regions used to
determine the background parameters are indicated with red and
yellow circles, respectively.

the Galactic absorption in our model to the value deduced from
H I radio data (NH = 1.6 × 1020 cm−2, Kalberla et al. 2005). We
modelled the background with four components: with the extra-
galactic power-law (EPL) to account for the integrated emission
of unresolved point sources (assuming a photon index Γ = 1.41
and a 0.3–10.0 keV flux of 2.2 × 10−11 erg s−1 cm−2 deg−2 after
extraction of point sources, De Luca & Molendi 2004), with two
thermal components to account for the local hot bubble (LHB)
emission (kT1 = 0.08 keV) and for the Galactic halo (GH) emis-
sion (kT2 ∼ 0.2 keV), and with an additional power-law to ac-
count for the contamination from the residual soft proton parti-
cle background. The best fitted fluxes, temperatures, and photon
indices of the background components using the 3.2′ circular ex-
traction region are shown in Table 1.

We model the spectrum of the filament with a collision-
ally ionized plasma model (MEKAL), the metallicity of which
is set to 0.2 Solar (proto-Solar abundances by Lodders 2003),
the lowest value found in the outskirts of clusters and groups
(Fujita et al. 2007; Buote et al. 2004). However, since the aver-
age metallicity of the WHIM is not known we report the results
also for metallicities of 0.0, 0.1, and 0.3 Solar. The free param-
eters in the fitted model are the temperature and the emission
measure of the plasma.

3. Results
3.1. Imaging

We detect the filament in the wavelet decomposed soft band
(0.5–2.0 keV) X-ray image with 5σ significance. In Fig. 1,
we show the wavelet decomposed image produced by setting
the detection threshold to 5σ and following the emission down
to 3σ (for details of the wavelet decomposition technique see
Vikhlinin et al. 1998). There is a clear bridge in the soft emission
between the clusters which originates from an extended compo-

Fig. 2. The spectrum of the filament between the clusters
A 222/223 - the data points on the top were obtained by EPIC/pn
and below by EPIC/MOS. The contributions from the X-ray
background and from the filament to the total model are shown
separately.

nent. We note that no such features are detected in any XMM-
Newton mosaics of empty fields in observations with similar but
also much larger depths. We do not detect the bridge between
the clusters in the 2.0–7.5 keV image.

To verify our result, we created an image modeling the X-
ray emission from the two clusters without a filament with two
beta models determined by fitting the surface brightness profile
of A 222 and A 223. We applied on this image the wavelet de-
composition algorithm, which did not reveal a bridge like the
one observed between A 222 and A 223.

If the emission in the bridge between the clusters originated
from a group of galaxies within the filament, then this group
would be well resolved in the image. Groups of galaxies at the
redshift of this cluster emit on spatial scales of ≈0.5′ as shown in
Fig. 1 by the six extended sources detected at the 4σ significance
around Abell 222/223 marked by ellipses numbered from 1 to 6.
The filament seen in the image is about 6′ wide, which at the
redshift of the cluster corresponds to about 1.2 Mpc.

The observed filament is by about an order of magnitude
fainter than the ROSAT PSPC detected filament reported by
Dietrich et al. (2005). The ROSAT detection was based on an
image smoothed by a Gaussian with σ = 1.75′ and the fila-
ment could be the result of the combination of the emission from
the cluster outskirts and from a few previously unresolved point
sources between the clusters.

The point sources (mostly AGNs) detected by XMM-
Newton and Chandra do not show an overdensity between the
clusters and the uniform contribution from the distant unresolved
AGNs was subtracted from our image. Our detection limit for
point sources is ∼ 0.8 × 10−15 erg s−1 cm−2, which corresponds
to a luminosity of 1041 erg s−1 for the faintest resolved galaxy at
the cluster redshift. The number of X-ray emitting galaxies with
this luminosity required to account for the observed emission in
the filament would be ∼ 10 times larger than is expected from
the distribution function of Hasinger (1998), assuming a filament
overdensity of ρ/ ⟨ρ⟩ ∼ 100.
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+ Los objetos estelares son los más brillantes y con más cosas que estudiar: 
binarias de rayos X, remanentes de supernova… 

+ En las galaxias normales se ha estudiado con gran precisión la física del gas 
interestelar difuso y caliente y su origen en vientos supergalácticos 

+ Se ha probado la presencia de agujeros negros de masa intermedia 
+ Las líneas anchas relativistas de Fe han sido estudiadas en profundidad 
+ Se determinó la existencia de las líneas de Fe “elusivas” 
+ El “soft excess” sigue siendo un misterio 
+ Los estudios de absorción fría y tibia han transformado el modelo unificado 
+ Detección de filamentos de gas caliente, remanentes de Universo en formación  
+ Muchas cosas más... 
El lanzamiento de los satélites XMM-Newton y Chandra hace ya más de una 
década ha revolucionado la astronomía extragaláctica (observacional y 
teórica) de los fenómenos más energéticos del Universo pero sobretodo nos 
ha abierto la puerta a muchos más interrogantes aún pendientes de resolver. 

Observar en Rayos X es complejo y el tratamiento de datos tampoco es 
trivial pero se puede obtener mucha información muy valiosa que no puede 
obtenerse en otras bandas de energía

Conclusiones




