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“There is nothing to be discovered in physics now.
All that remains is more and more precise measurement.”

Kelvin (1900)
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Fifth Forces
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Fifth Forces

Adelberger++ (2009)
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Look harder!

“By pushing a theory to its extremes, we also find
out where the cracks in its structure might be hiding”

Wheeler 1960
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Gravitational Screening

in dense environments
m — OO

\(chameleon)
AG

AG = close to very massive objects
G (Vainshtein)
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Planck 2015
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D, [/1K2]

CMB

Dramatic improvement in constraining power.

gij = a*(7) [1 — 290] 7;j —> k(| @) oc k™!
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Large Scale Structure
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Hubble Tension
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Weak Lensing Ss Tension
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Weak Lensing: Ss Tension

| |
Kv450 N KVv450

DES-Y1 (original n(z), KV450 setup) [l DES-Y1 R
0.9 0.9 KV450 + DES-Y1

/ DES-Y1 (original) ---
\\, Planck 2018

- — B
ny
-~

Planck 2018 |

-~

0.7 0.7

Joudaki et al 2019



Weak Lensing of CMB: AL Tension

Multipole moment, L

2 10 100 500 1000 1500 2000
T v P ' v . I Y I T I
Or 100GHz |
- 143GHz
'/ / 217GHz |
L MV

CMB Lensing Potential power spectrum

90 10 2 0.5 0.2 0.1

Angular scale (degrees)



Weak Lensing of CMB: AL Tension

1)/2x

,+<

<

Cy £

6000

5000 f

4000

3000

2000

1000 ¢

0

A

0

500

1000
/

1500

2000
Calabrese et al 2008



Weak Lensing of CMB: AL Tension
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Probability density

Weak Lensing of CMB: AL Tension
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B Planck TT+lowE (ACDM + A,)

Are the tensions all connected?

B Planck TT,TE,EE+lowE (ACDM + A,)
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Fifth forces on large scales

Most surveys very sub-horizon ~ 3000k~ 'Mpc

Newtoni p tential )l 3 — 2 9
o 0 a \Ij(),,jj
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Wide-Field VLA Radio Imag
of the Galactic Center
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Construct gravitational maps of the Universe
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Galactic Offsets

AG
Gunscreened = Gext Q as gas, dark matter
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Galactic Offsets
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Galactic warps

Stellar disk




Galactic warps
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Gravitational VWaves

Extra fields can function as a medium

Jap = Nap + hap
Minkowski

1 .

Speed of gravitational waves: c7 =1+ ar

. ar = ()
In General Relativity VY,
x T Pl



Gravitational VWaves

Gamma rays, 50 to 300 keV GRB 170817A

~ GW170817

Gamma rays, 100 keV and higher GRB 170817A
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Box 33.1 A BLACK HOLE HAS NO "HAIR"

The following theorems come close to proving that
the external gravitational and electromagnetic fields
of a stationary black hole (a black hole that has
settled down into its “final” state) are determined
uniquely by the hole’s mass M, charge Q, and intrin-
sic angular momentum S—i.e., the black hole can
have no “hair” (no other independent characteris-
tics). For a detailed review, see Carter (1973).

Stephen Hawking (1971b, 1972a): A station-
ary black hole must have a horizon with
spherical topology; and it must either be static
(zero angular momentum), or axially sym-
metric, or both.

Werner Israel (1967a, 1968): Any sratic black
hole with event horizon of spherical topology
has external fields determined uniquely by its
mass M and charge Q; moreover, those exter-
nal fields are the Schwarzschild solution if
Q =0, and the Reissner-Nordstrom solution
(exercises 31.8 and 32.1)if Q # 0 (both special
cases of Kerr-Newman; see §33.2).

Brandon Carter (1970): “All uncharged, sta-
tionary, axially symmetric black holes with
event horizons of spherical topology fall into
disjoint families not deformable into cach
other. The black holes in each family have
external gravitational fields determined
uniquely by two parameters: the mass M and
the angular momentum S.” (Note: the “Kerr
solutions”—i.e., “Kerr-Newman” with @ = 0
—form one such family; it is very likely
that there are no others, but this has not been
proved as of December 1972. It is also likely
that Carter’s theorem can be extended to the
case with charge; but this has also not yet
been done.)

IV. Conclusions made by combining all three the-

orems:

(a) All stationary black holes are axially sym-
metric.

(b) All static (nonrotating) black holes are
characterized uniquely by M and Q, and
have the Reissner-Nordstrom form.

(c) All uncharged, rotating black holes fall
into distinct and disjoint families, with
each black hole in a given family charac-
terized uniquely by M and S. The Kerr
solutions form one such family. There
may well be no other family.

. Remarks and Caveats:

(a) The above statements of the theorems are
all somewhat heuristic. Each theorem
makes several highly technical assump-
tions, not stated here, about the global
properties of spacetime. These assump-
tions seem physically reasonable and in-
nocuous, but they might not be.

(b) Progress in black-hole physics is so rapid
that, by the time this book is published,
there may well exist theorems more pow-
erful than the above, which really prove
that “a black hole has no hair.”

(¢) For insight into the techniques of “global
geometry” used in proving the above the-
orems and others like them, see Chapter
34; for greater detail see the forthcoming
book by Hawking and Ellis (1973).

(d) For analyses which show that a black hole
cannot exert any weak-interaction forces
caused by the leptons which have gone
down it, see Hartle (1971, 1972) and Tei-
telboim (1972bc). For similar analyses
which show absence of strong-interaction
forces from baryons that have gone down
the hole, see Bekenstein (1972a,b) and
Teitelboim (1972a).

MTW 1973



Black Hole Hair

GW170817 takes an axe to black hole hair
for cosmologically relevant fields.

e Scalar-Tensor -“circumstantial’ evidence BH are bald
* Vector-Tensor - BH hair allowed

e Tensor-Tensor - BH hair allowed

Tattersall, Ferreira & Lagos, 2018



Black Hole Hair

All is not lost ... look at ring-down

Ringdown
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Quasi-normal-mode spectra is hugely informative



Inspiral
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Modified Zerilli Equation

even parity gravitational wave

d*¥ Gy
. (0° = Vz(r)| ¥ = G, S0 (0.9)

d* o
7 | [602 — VS(”aﬂz)} ¢ =0, \
' \ non-minimal coupling

scalar field perturbation



log,o(M /M)



Summary

® |arge scale structure: next generation
surveys!

® (Galaxies: messy, difficult but lots of them!

® Black hole ringdown: clean probe, within
reach!



