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Artist representation of a black hole. The bottom half of the image depicts the
black hole which, according to general relativity, traps everything including light.
Effects based on loop quantum gravity, a theory that extends Einstein's general
relativity using quantum mechanics, overcome this tremendous pull and liberate
everything (top half of image), thus providing a concrete avenue for recovery of
information previously thought to be lost in the black hole singularity. Credit: A.
Corichi and J. P. Ruiz
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Our first glimpses into the physics that exist near the center of a black
hole are being made possible using "loop quantum gravity"—a theory
that uses quantum mechanics to extend gravitational physics beyond
Einstein's theory of general relativity. Loop quantum gravity, originated
at Penn State and subsequently developed by a large number of scientists
worldwide, is opening up a new paradigm in modern physics. The theory
has emerged as a leading candidate to analyze extreme cosmological and
astrophysical phenomena in parts of the universe, like black holes, where
the equations of general relativity cease to be useful.

Previous work in loop quantum gravity that was highly influential in the
field analyzed the quantum nature of the Big Bang, and now two new
papers by Abhay Ashtekar and Javier Olmedo at Penn State and
Parampreet Singh at Louisiana State University extend those results to
black hole interiors. The papers appear as "Editors' suggestions" in the
journals Physical Review Letters and Physical Review on December 10,
2018 and were also highlighted in a Viewpoint article in the journal 
Physics.

"The best theory of gravity that we have today is general relativity, but it
has limitations," said Ashtekar, Evan Pugh Professor of Physics, holder
of the Eberly Family Chair in Physics, and director of the Penn State
Institute for Gravitation and the Cosmos. "For example, general 
relativity predicts that there are places in the universe where gravity
becomes infinite and space-time simply ends. We refer to these places as
'singularities.' But even Einstein agreed that this limitation of general
relativity results from the fact that it ignores quantum mechanics."

At the center of a black hole the gravity is so strong that, according to
general relativity, space-time becomes so extremely curved that
ultimately the curvature becomes infinite. This results in space-time
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having a jagged edge, beyond which physics no longer exists—the
singularity. Another example of a singularity is the Big Bang. Asking
what happened before the Big Bang is a meaningless question in general
relativity, because space-time ends, and there is no before. But
modifications to Einstein's equations that incorporated quantum
mechanics through loop quantum gravity allowed researchers to extend
physics beyond the Big Bang and make new predictions. The two recent
papers have accomplished the same thing for the black hole singularity.

"The basis of loop quantum gravity is Einstein's discovery that the
geometry of space-time is not just a stage on which cosmological events
are acted out, but it is itself a physical entity that can be bent," said
Ashtekar. "As a physical entity the geometry of space-time is made up
of some fundamental units, just as matter is made up of atoms. These
units of geometry—called 'quantum excitations'—are orders of
magnitude smaller than we can detect with today's technology, but we
have precise quantum equations that predict their behavior, and one of
the best places to look for their effects is at the center of a black hole."
According to general relativity, at the center of a black hole gravity
becomes infinite so everything that goes in, including the information
needed for physical calculations, is lost. This leads to the celebrated
'information paradox' that theoretical physicists have been grappling
with for over 40 years. However, the quantum corrections of loop
quantum gravity allow for a repulsive force that can overwhelm even the
strongest pull of classical gravity and therefore physics can continue to
exist. This opens an avenue to show in detail that there is no loss of
information at the center of a blackhole, which the researchers are now
pursuing.

Interestingly, even though loop quantum gravity continues to work where
general relativity breaks down—black hole singularities, the Big
Bang—its predictions match those of general relativity quite precisely
under less extreme circumstances away from the singularity. "It is highly
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non-trivial to achieve both," said Singh, associate professor of physics at
Louisiana State. "Indeed, a number of investigators have explored the
quantum nature of the black hole singularity over the past decade, but
either the singularity prevailed or the mechanisms that resolved it
unleashed unnatural effects. Our new work is free of all such
limitations."

  More information: Abhay Ashtekar et al, Quantum Transfiguration of
Kruskal Black Holes, Physical Review Letters (2018). DOI:
10.1103/PhysRevLett.121.241301 

Carlo Rovelli. Black Hole Evolution Traced Out with Loop Quantum
Gravity, Physics (2018). DOI: 10.1103/Physics.11.127
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