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LETTERS

e��to�s�sc����co�

to an accuracy of about half of a percent, 

and it agrees perfectly with the prediction 

of inlation. (When inlation was irst pro-

posed, the average mass density was uncer-

tain by at least a factor of three, so this is an 

impressive success.) The ripples of the CMB 

have been measured carefully by two more 

satellite experiments, the Wilkinson Micro-

wave Anisotropy Probe (WMAP) and the 

Planck satellite, as well as many ground- 

and balloon-based experiments—all con-

irming that the primordial luctuations are 

indeed nearly scale-invariant and very ac-

curately adiabatic and Gaussian, precisely 

as predicted (ahead of time) by standard 

models of inlation. The B-modes of polar-

ization have not yet been seen, which is 

consistent with many, though not all, of the 

standard models, and the E-modes are 

found to agree with the predictions. In 2016 

the Planck satellite team (a collaboration of 

about 260 authors) summarized its conclu-

sions by saying that “the  Planck  results of-

fer powerful evidence in favour of simple 

inlationary models.” So if inlation is un-

testable, as IS&L would have us believe, 

why have there been so many tests of it and 

with such remarkable success?

While the successes of inlationary mod-

els are unmistakable, IS&L nonetheless 

make the claim that inlation is untestable. 

(We are bewildered by IS&L’s assertion that 

the dramatic observational successes of in-

lation should be discounted while they ac-

cuse the advocates of inlation of abandon-

ing empirical science!) They contend, for 

example, that inlation is untestable be-

cause its predictions can be changed by 

varying the shape of the inlationary ener-

gy density curve or the initial conditions. 

But the testability of a theory in no way re-

quires that all its predictions be indepen-

dent of the choice of parameters. If such pa-

rameter independence were required, then 

we would also have to question the status of 

the Standard Model, with its empirically 

determined particle content and 19 or more 

empirically determined parameters.

An important point is that standard 

inlationary models  could have failed any 

of the empirical tests described above, but 

they did not.  IS&L write about how “a fail-

ing theory gets increasingly immunized 

against experiment by attempts to patch 

it,” insinuating that this has something to 

do with inlation. But despite IS&L’s rhet-

oric, it is standard practice in empirical 

science to modify a theory as new data 

come to light, as, for example, the Stan-

dard Model has been modiied to account 

for newly discovered quarks and leptons. 

For inlationary cosmology, meanwhile, 

there has so far been no need to go beyond 

the class of standard inlationary models.

IS&L also assert that inlation is untest-

able because it leads to eternal inlation 

and a multiverse. Yet although the possibil-

ity of a multiverse is an active area of study, 

this possibility in no way interferes with 

the empirical testability of inlation. If the 

multiverse picture is valid, then the Stan-

dard Model would be properly understood 

as a description of the physics in our visible 

universe, and similarly the models of inla-

tion that are being reined by current ob-

servations would describe the ways inla-

tion can happen in our particular part of 

the universe. Both theories would remain 

squarely within the domain of empirical 

science. Scientists would still be able to 

compare newly obtained data—from astro-

physical observations and particle physics 

experiments—with precise, quantitative 

predictions of speciic inlationary and 

particle physics models. Note that this is-

sue is separate from the loftier goal of de-

veloping a theoretical framework that can 

predict, without the use of observational 

data, the speciic models of particle physics 

and inlation that should be expected to 

describe our visible universe.

Like any scientiic theory, inlation need 

not address  all  conceivable questions. Inla-

tionary models, like all scientiic theories, 

rest on a set of assumptions, and to under-

stand those assumptions we might need to 

appeal to some deeper theory. This, howev-

er, does not undermine the success of inla-

tionary models. The situation is similar to 

the standard hot big bang cosmology: the 

fact that it left several questions unre-

solved, such as the near-critical mass densi-

ty and the origin of structure (which are 

solved elegantly by inlation), does not un-

dermine its many successful predictions, 

including its prediction of the relative 

abundances of light chemical elements. 

The fact that our knowledge of the universe 

is still incomplete is absolutely no reason to 

ignore the impressive  empirical  success of 

the standard inlationary models.

During the more than 35 years of its 

existence, inlationary theory has gradual-

ly become the main cosmological para-

digm describing the early stages of the 

evolution of the universe and the forma-

tion of its large-scale structure. No one 

claims that inlation has become certain; 

scientiic theories don’t get proved the 

way mathematical theorems do, but as 

time passes, the successful ones become 

better and better established by improved 

experimental tests and theoretical ad-

vances. This has happened with inlation. 

Progress continues, supported by the en-

thusiastic eforts of many scientists who 

have chosen to participate in this vibrant 

branch of cosmology.

Empirical science is alive and well!
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