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Abstract

Understanding both the macro- and micro-physics of accretion onto black holes is one of the funda-

mental goals of Astrophysics, with relevance to measuring the effects of strong gravity and to un-

derstanding structure formation in the universe.   We propose an International Team to study so-

called Eddington-limited accretion, a unique and extreme regime where so much accretion power is

liberated that the outward radiation pressure force is comparable to the inward force of gravity. The

Team that we have assembled spans a wide range of expertise in order to critically review our un-

derstanding of the physics of Eddington-limited accretion onto black holes across a mass scale that

spans 8 orders of magnitude, and the physical mechanisms that produce different types of outflows

(like disk-winds and relativistic jets). The Team consists of 12 members coming from 4 different

continents and 6 different countries, equally balanced between theoretical and observational mem-

bers with the necessary complementary expertise. The primary goals of the Team will be address

key questions related to (i) the physical conditions for Eddington and super-Eddington accretion,

(ii) its observational manifestation across a wide range of black-hole mass, and (iii) the implications

for accretion-disk geometry and outflows.

Research  domain:  Astrophysics,  Eddington  Accretion,  Active  Galactic  Nuclei,  Black  holes,

compact objects

Introduction

Black Holes (BHs) are the most exotic prediction of general relativity, with the strongest possible

gravitational fields in the Universe.  The black holes known to exist astrophysically range in mass

from as small as a few times the mass of the sun to as large as billions of times that mass (so-called

supermassive  BHs).  Probing general  relativity in  the environment of  black holes  is  one of  the

fundamental questions of Astrophysics today, one of the main themes of the ESA Cosmic Vision

2015-2025 long term plan, and one of the main drivers for the construction of the next generation of

ground-based and space telescopes1. 

Accretion is the process of growth or enlargement of a gravitating object by infall of material. It is a

widespread  process  in  our  Universe,  relevant  to  the  formation  of  everything  from  planets  to

galaxies. Understanding the physics of accretion is therefore of  fundamental importance to many

areas of Astrophysics.  Of particularly interest for this proposal is the understanding of the physics

of  accretion  onto  a  central  BH.  Because  infalling  material  generally  has  significant  angular

momentum, the flow around the compact object is generally thought to take the form of a rotating

accretion disk. This structure is formed independently of the source of the infalling material (from a

companion star in the case of a solar-mass BH, or from the gas/dust in a galaxy in the case of a

supermassive BH) and it is known to be one of the most powerful energy sources in the universe.

In  the  case  of  supermassive  BHs,  accretion  has  demonstrably  affected  the  evolution  of  entire

galaxies  and clusters  of galaxies  over the course of  cosmic time,  as demonstrated by the tight

relation of the BH mass and the host galaxy bulge mass (e.g., Magorrian et al. 1998, Maduro et al.

2014, Silk & Rees 1998; Di Matteo, Springel & Hernquist 2005).

The energy released by accretion is known to generally drive outflows.  All types of disk-accreting

astrophysical  systems,  particularly BHs of  any mass,  have shown strong evidence of  powerful

outflows in the form of highly collimated jets (e.g. Livio 1999).  It is now also broadly accepted that

1  http://sci.esa.int/cosmic-vision/38657-cosmic-vision-2015-2025-fundamental-laws/



black holes  launch massive disk winds that  have a significant  effect  on the accretion disk and

possibly jets, whose formation mechanisms are still debated (e.g. Neilsen 2013). These outflows

mediate the connection between BHs and their environments. Understanding this feedback from

accretion onto supermassive black holes on their  surroundings is  another main theme of ESA’s

Cosmic Vision plan.2  

Naturally, the most powerful black hole sources are those that are accreting at the highest rates, and

the only thing that might limit the output from a black hole source is  radiation pressure. This  gives

rise  to  the concept  of  the Eddington Luminosity (LEdd),   which theoretically corresponds to  an

outward  radiation  pressure  force  that  balances  the  attractive  gravitational  force  acting  on  the

accreting gas.  This most astrophysically important of black hole accretion regimes is observed:

both accreting stellar mass and supermassive BHs reach luminosities comparable to the Eddington

limit.   Such systems clearly exhibit  strong outflows,  and some exhibit  truly bizarre  variability

patterns in their light output, particularly in the case of stellar mass black holes (e.g. Belloni et al.

2002; Altamirano et al. 2011).  Although it is of fundamental importance, this regime is still very

poorly understood, and there are a host of unanswered questions.  These include how the radiation

pressure really works in an aspherical flow like an accretion disk, exactly how jets and winds are

driven, how radiation can be trapped and advected inward into the flow, and how the flow responds

to a whole host of instabilities that are expected in this regime, from “photon bubbles” to thermal

instabilities which might drive runaway heating or cooling.  The physics here is very rich, and as we

discuss below, the time is ripe for making significant progress in understanding it.  The aim of this

Team is therefore to critically explore the physics of Eddington-limited accretion onto black holes,

and  its  observational  and  theoretical  implications  for  the  physical  mechanisms  that  produce

different type of outflows (like disk-winds and relativistic jets).

The theoretical revolution

Bringing  together  observers  and  theorists  to  discuss  radiation  pressure  dominated  accretion  is

particularly  timely  in  view  of  the  fact  that  numerical  simulations  are  now  undergoing  a  true

revolution. Until recently, the best that could be done were localized 3D simulations of a small

patch (a “shearing box”) of an accretion disk (e.g. Blaes et al. 2011), and 2D (axisymmetric) global

simulations (Ohsuga & Mineshige 2011, Takeuchi et al. 2013), both incorporating the effects of

radiation  pressure,  but  which  treated  radiation  transport  through flux-limited  diffusion,  even in

optically thin regions.  Many groups have now greatly improved on this just in the past year.  Full

radiation transport through the use of variable Eddington tensors has now been achieved in local

shearing  boxes,  with  dramatic  implications  for  our  understanding  of  thermal  stability  in  the

radiation dominated regime (Jiang et al.  2013).  Full  transport is also now being attempted for

global  simulations.  Moreover,  full  3D  simulations  with  M1  closure  schemes  for  the  radiation

transport have now been published, using full general relativity (Sadowski et al. 2014).  While these

do not incorporate full transport, they are significantly better than flux-limited diffusion, and the

fact that they are 3D permits the turbulence in the simulation to be long-lived (in contrast to 2D

simulations where the turbulence cannot be self-sustaining).  A host of problems should now be

within  reach  of  these  simulations:   thermodynamic  state  transitions,  radiation  pressure  driven

outflows,  thermal and inflow stability, and to what extent photons become trapped at high accretion

rates.  Above all,  for the very first time, such simulations will be able to generate light curves that

can be directly confronted with variability data across the black hole mass scale.  In other words, for

the first time, theorists are now able to simulate the photons that observers actually observe!

However, this breakthrough has only been achieved recently, and important differences between

radiation transport algorithms and issues of numerical resolution still need to be discussed.  It is for

this reason that we have carefully chosen the theorists in our team to represent many of the major,

distinct simulation groups.  We have also included people who are experts in the various dynamical

instabilities that only exist in this regime (e.g. photon bubbles), which may still not be adequately

2  http://sci.esa.int/cosmic-vision/38658-cosmic-vision-2015-2025-the-universe/



resolved in many simulations.  Finally, even the best simulations are currently only able to handle

frequency-integrated radiation, i.e. spectra can only be computed after the fact.  But again, we have

included theorists who are experts in modeling radiation spectra directly from simulations.

Scientific Goals and the timeliness of this project

After  many years  of  observational  and  theoretical  effort,  we  are  now in  a  perfect  position  to

critically  review our  current  understanding  of  Eddington  accretion  onto  black  holes.  The most

important aspect of this proposed program is the goal to examine and identify the basic physics (and

understand the differences in micro-physics) in systems that cover almost 10 orders of magnitude in

mass.  Our goal in this proposal is to use the wide range of expertise within our group in order to

answer fundamental questions by focusing our efforts along three parallel lines that share the same

common thread: “The physics of Eddington Accretion at all mass scales”. The categories can be

summarized as:

• Physical conditions for Eddington and super-Eddington accretion on compact objects.

• The observational manifestation of Eddington or super Eddington accretion.

• Accretion disk geometry and outflows.

This categories cover most of the detailed and important questions needed to understand the physics

of accretion at the Eddington rate. Discussions around all three categories will run together and

simultaneously, as a friendly and critically constructive “Theory vs. Observations tug of war”. 

We will  meticulously review commonly used assumptions to understand whether the Eddington

luminosity is generally (or ever?) a true limit in the case of accretion onto compact objects, and

critically  examine  the  evidence  for  and/or  against  this  assertion.   We  will  reexamine  all

observational evidence for, and against, the use of LEdd as a physically useful scale for accretion

(this assumption underlies work ranging from observational comparison of neutron stars and black

holes, to comparison of high luminosity black hole systems of very different masses). Assuming

that the disk physics (and disk geometry) change when BH systems reach ~LEdd , we will scrutinize

the observational and theoretical evidence for scenarios where the changes are due to radiation

forces  exceeding  gravity  and  driving  outflows,  and  probe  whether  other  effects  like  radiation

trapping could be more important (or explore whether both are equally important,  or mass/spin

dependent, etc). One of the main goals of this team will be to identify which aspects of the observed

phenomenology (winds, spectral and variability changes) in accreting systems can be attributed to

any of the possible physics describing ~LEdd systems (e.g., are the observed  SEDs – spectral energy

distributions – for small, intermediate and large BH systems hint consistent with Eddington-limited

accretion?).  The  role  of  a  stellar  surface  (or  lack  thereof)  should  help  pinpoint  the  dominant

physical process (e.g. advection versus radiation forces), so we will also use the Team expertise in

Eddington accretion onto Neutron Stars. 

We will critically explore the relationship between mass accretion rate, luminosity and mass loss

rate in winds for black holes of different masses, and try to answer whether current observations can

already distinguish whether the winds are driven by magnetic or radiation forces. Understanding

outflows in Eddington limited systems and pinpointing the similarities and differences observed

from Galactic Black Holes, ultra-luminous X-ray sources (ULXs) and AGNs will be a key goal of

this project, and only possible due to the broad expertise brought by the proposed Team. Our results

will be tested against the fact that a factor of 108 difference in BH mass should reduce the disk

surface temperature by a factor  of ~100, and reduce the gas density by a factor  of ~108.   The

microphysics may change drastically when we compare BHs which differ in mass by a factor of

108, so the observational constraints in AGN and XRBs will likely show us which are the most

important physical ingredients for the formation of disk winds and other outflows. For example,

opacities are very different in accretion disks around stellar mass black holes and supermassive

black holes, and because this is what mediates the coupling between photons and matter, distinct



behaviors are expected in these two regimes (e.g. Laor & Davis 2014).  Furthermore, we aim to

understand where exactly winds originate and are launched.  The argument often used by observers

is to tie the observed wind velocity to the escape velocity at the radius of origin of the wind.  But

that radius could simply be where the wind finally achieved the escape velocity, and so the wind

could have been produced much closer to the black hole and been (gently) pushed out along a wide

range of radii until it gets far enough out to escape.  Those two possibilities would suggest very

different underlying physics, so it is crucial to understand if we can  disentangle them based on the

observations and on simulations of these outflows. As mentioned before, mass loss in winds and jets

appears to be an integral part of accretion processes in general across a wide range of objects, from

young stellar objects to AGNs. Therefore we do not exclude the possibility that our work has much

broader implications than just understanding accretion onto BHs.

As noted above, one of the most exciting and timely aspects of this proposal is that multiple groups

now have tools available to numerically study near- and super-Eddington accretion, and that the

proposed Team has members from each of these groups.  Among the most general and important

questions to be addressed by current and near-term simulations is how energy (both thermal and

mechanical)  and angular  momentum are transported radially and vertically within the accretion

flow, when accretion rates are near or above Eddington.  This includes quantifying the importance

of  radiation  trapping  and  studying  the  relative  importance  of  radiation  and  magnetic  fields  in

driving outflows. In this context, one of the most exciting things we will do during these meetings is

discuss  what  the  current  simulations  produce,  as  far  as  phenomenology  (spectra/variability,

concentrating  on  the  latest  unpublished  results),  and  see  if  we  can  match  any  of  them  to

observations. One related difficulty for the simulations is that they are spatially and temporally

limited.  Although we expect this to improve in the near future, at the moment it is not possible to

run the simulations long enough to see spectral changes in a single simulation.  Therefore, we plan

to  discuss  strategies  and designs  of  individual  simulations  that  correspond to  different  spectral

states. The combination of global and shearing box simulations should help us study behavior from

very small to very large scales. The observational and theoretical expertise of this team is essential

for this  part  of the project;  we plan to discuss how present and future observations could help

constrain the parameter space and/or models that theorists are currently working on. Based on these

discussions, we plan to design and write new observing  proposals for currently available (or soon

to be launched – e.g. ASTROSAT, ASTRO-H) observatories.

Summary of the key questions to be addressed by the Team:

• How far can the luminosity exceed the Eddington limit? 

• What is the expected angular distribution of the radiation from a high L/LEdd system?

• What is the expected spectral shape of a high L/LEdd system?

• What is the expected mechanical wind luminosity of a high L/LEdd system?

• What  is  the  expected  mass  loss  rate  of  a  high  L/LEdd system,  and  how does  the  mass

accretion rate into the black hole compare with the mass supply rate?

• What is the structure of radiation pressure driven outflows (smooth vs. clumpy)?

• Should jet emission be enhanced or suppressed in such high luminosity systems? 

• What is the expected dependence on MBH for each of the above questions?

• What causes the complex,  ordered variability observed in high L/LEdd stellar mass black

holes, and how might this manifest itself at the scale of supermassive black holes?

• What is the role of a surface in high L/LEdd Neutron Stars and how do observations compare

with BH phenomenology?

• Which future observations and simulations can help us answer these questions?

Not all  these  questions  are  independent;  however  we will  first  treat  them separately:  for  each

question we will  compile all  the clues currently available from observations, and formulate the

available robust theoretical constraints. Then we will compare the results obtained for consistency.



This  exercise  should  form  the  basis  for  future  progress  on  our  understanding  of  Eddington

Accretion.

Added value provided by ISSI

The framework, facilities and reputation of the International Space Science Institute offers a unique

opportunity to  bring together  a  diverse  group of  specialists  to  discuss  state  of  the  art  science,

without the hassle of worrying about logistic issues which obviously arise when experts from all

over  the  world  try  to  meet.  Establishing  a  collaboration  among  scientists  with  different  but

complementary expertise and approaches should result  in a deeper understanding of Eddington-

accretion physics. For this reason, the proposed Team is well balanced from different perspectives.

We chose the city of Bern, as it is a central location for all Team members. Given the current world

economical situation, the financial support provided by ISSI has allowed us to guarantee the best

Team members. In other words, this framework has the perfect characteristics to allow this small

group of experts with common interests to work towards tackling key and challenging aspects of the

theoretical and observable physics of Eddington and Super-Eddington accretion onto black holes of

different masses.

Team & Schedule

To achieve  the  goals  of  this  project,  a  team consisting  of  experts  in  both  the  theoretical  and

observational aspects of Eddington and super-Eddington accretion is needed.  By design, half our

team is observational, and half theoretical. The member’s scientific profiles cover all the needed

expertise for the project, ranging from theoretical modeling of spectra and variability, large scale

intensive MHD simulations, and observational studies of these extreme regimes from stellar mass

Galactic BHs to supermassive BHs in AGNs, taking into account Neutron Stars and the debated

possibility of the existence of  intermediate mass BHs in ULXs. This ISSI project will allow us to

establish a long-term and fruitful collaboration between experts in complementary specific fields

worldwide, which have now agreed to collaborate and contribute to enhance the research in this

fascinating field of high-energy astrophysics.  The project results will be presented at international

conferences and published in internationally recognized journals.

Given that the Team members are coming from 4 different continents and 6 different countries, we

propose only two 5 days meetings at  ISSI within 18 months of the start  of this  call.  The first

meeting will be between July and December 2014, and the second meeting about a year after that. 

Facilities and Support Requested

Given that our meetings will involve lots of discussions around reviews/results presented by the

different members, we only require the standard ISSI workshop facilities: a meeting room for up to

14  people  (i.e.  for  the  12  core  members  +  possibly  2  young  scientists),  equipped  with  data

projection facilities, wireless and/or wired internet access, white board and/or paper boards and

some printing facilities. Team members will have their own laptops, so no computer facilities are

needed. We request support for the living expenses for 12 team members (plus two additional young

scientists that we might add at a later date in accordance with the proposal guidelines) and travel

support for the Team Leader. 
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