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ἂ !ŀƎŜ bƛŜƭǎ .ƻƘǊ μ !ōƴŜǊ {ƘƛƳƻƴȅ μ !Řƛ {ƘŀƳƛǊ μ !ƪƛǊŀ CǳǊǳǎŀǿŀ μ !ƭŀƛƴ !ǎǇŜŎǘ μ !ƭŀƛƴ wŀǾŜȄ μ !ƭŀƛƴ {ŀǊƭŜǧŜ μ !ƭŀƴ !ǎǇǳǊǳπ
DǳȊƛƪ μ !ƭŀǎǘŀƛǊ !ōōƻǧ μ !ƭōŜǊǘ 9ƛƴǎǘŜƛƴ μ !ƭōŜǊǘƻ .ǊŀƳŀǝ μ !ƭŜȄŀƴŘŜǊ !ƴŘǊŜŜǾ μ !ƭŜȄŀƴŘŜǊ IƻƭŜǾƻ μ !ƭŜȄŀƴŘŜǊ tǊƻƪƘƻǊƻǾ μ 
!ƭŜȄŀƴŘǊŜ .ƭŀƛǎ μ !ƭŜȄŀƴŘǊŜ ½ŀƎƻǎƪƛƴ μ !ƭŜȄŜƛ .ȅƭƛƴǎƪƛƛ μ !ƭŜȄŜƛ DǊƛƴōŀǳƳ μ !ƭŜȄŜƛ YƛǘŀŜǾ μ !ƭŜȄƛŀ !ǳũŝǾŜǎ μ !ƭŦǊŜŘ YŀǎǘƭŜǊ μ !ƭŦǊŜŘ 
tŞǊƻǘ μ !ƭƻƴȊƻ /ƘǳǊŎƘ μ !ƳƛǊ bŀǾŜƘ μ !ƴŘǊŞ [ǳƛȊ .ŀǊōƻǎŀ μ !ƴŘǊŜŀ aƻǊŜƭƭƻ μ !ƴŘǊŜŀ wƻŘǊƛƎǳŜȊ .ƭŀƴŎƻ μ !ƴŘǊŜŀǎ ²ŀƭƭǊŀũ μ 
!ƴŘǊŜǿ /ƘƛƭŘǎ μ !ƴŘǊŜǿ /Ǌƻǎǎ μ !ƴŘǊŜǿ DƭŜŀǎƻƴ μ !ƴŘǊŜǿ IƻǊǎƭŜȅ μ !ƴŘǊŜǿ {Φ 5ȊǳǊŀƪ μ !ƴŘǊŜǿ {ǘŜŀƴŜ μ !ƴŘǊŜǿ DΦ ²ƘƛǘŜ μ 
!ƴŘȅ aŀǘǳǎŎƘŀƪ μ !ƴƴŜ .ǊƻŀŘōŜƴǘ μ !ƴƴŜ /ŀƴǘŜŀǳǘ μ !ƴƴŜ aŀǘǎǳǳǊŀ μ !ƴǘƘƻƴȅ [ŜǾŜǊǊƛŜǊ μ !ƴǘƻƛƴŜ .ǊƻǿŀŜȅǎ μ !ƴǘƻƴ ½ŜƛƭƛƴƎŜǊ 
μ !ǊŀƳ IŀǊǊƻǿ μ !ǊƛŜƘ ²ŀǊǎƘŜƭ μ !ǊǘƘǳǊ Iƻƭƭȅ /ƻƳǇǘƻƴ μ !ǊǘƘǳǊ [ŜƻƴŀǊŘ {ŎƘŀǿƭƻǿ μ !ǊǘǳǊ 9ƪŜǊǘ μ !ǎǘǊƛŘ [ŀƳōǊŜŎƘǘ μ !ǳŘǊŜȅ 
.ƛŜƴŦŀƛǘ μ !ȄŜƭ .ŜŎƪŜ μ .ŜƴƧŀƳƛƴ IǳŀǊŘ μ .Ŝƴƻƞǘ ±ŀƭƛǊƻƴ μ .Ŝǩƴŀ IŜƛƳ μ .ƻō ²ƛŜƴǎ μ .ƻǊƛǎ tƻŘƻƭǎƪȅ μ .Ǌƛŀƴ WƻǎŜǇƘǎƻƴ μ .ǊǳŎŜ 
YŀƴŜ μ .Ǌǳƴƻ 5ŜǎǊǳŜƭƭŜ μ .ǊȅŎŜ 5Ŝ²ƛǧ μ /ŀǊƭ ²ƛŜƳŀƴ μ /ŀǊƭƻ wƻǾŜƭƭƛ μ /ƘŀŘ wƛƎŜǩ μ /ƘŀǊƭŜǎ .ŜƴƴŜǧ μ /ƘŀǊƭŜǎ CŀōǊȅ μ /ƘŀǊƭŜǎ 
IŀǊŘ ¢ƻǿƴŜǎ μ /ƘŀǊƭŜǎ IŜǊƳƛǘŜ μ /ƘƛŜƴ {ƘƛǳƴƎ ²ǳ μ /ƘǊƛǎǝŀŀƴ IǳȅƎŜƴǎ μ /ƘǊƛǎǝŀƴ ²ŜŜŘōǊƻƻƪ μ /ƘǊƛǎǝƴŜ {ƛƭōŜǊƘƻǊƴ μ /ƘǊƛǎǘƻǇƘŜ 
WǳǊŎȊŀƪ μ /ƘǊƛǎǘƻǇƘŜ {ƻƭƻƳƻƴ μ /ƘǊƛǎǘƻǇƘŜ ±ǳƛƭƭƻǘ μ /ƘǊƛǎǘƻǇƘŜǊ aƻƴǊƻŜ μ /ƘǊƛǎǘƻǇƘŜǊ tŀǇƛƭŜ μ /ƭŀǳŘŜ /ƻƘŜƴ ¢ŀƴƴƻǳŘƧƛ μ /ƭŀǳŘŜ 
²ŜƛǎōǳŎƘ μ /ƭŀǳǎǎ Wǀƴǎǎƻƴ μ /ƭƛƴǘƻƴ 5ŀǾƛǎǎƻƴ μ /ƻǊƴŜƭƛǎ 5ƻǊǎƳŀƴ μ /ǊŀƛƎ DƛŘƴŜȅ μ /Ǌƛǎǝŀƴ /ŀƭǳŘŜ μ /Ǌƛǎǝƴŀ 9ǎŎƻŘŀ μ /ȅǊƛƭ !ƭπ
ƭƻǳŎƘŜ μ 5ŀƳƛŜƴ {ǘŜƘƭŞ  μ 5ŀƴƛŜƭ 9ǎǘŜǾŜ μ 5ŀƴƛŜƭ DƻǧŜǎƳŀƴ μ 5ŀǾŜ ²ŜŎƪŜǊ μ 5ŀǾƛŘ .ƻƘƳ μ 5ŀǾƛŘ 5ŜǳǘǎŎƘ μ 5ŀǾƛŘ 5ƛ±ƛƴŎŜƴȊƻ μ 
5ŀǾƛŘ DƻǎǎŜǘ μ 5ŀǾƛŘ IƛƭōŜǊǘ μ 5ŀǾƛŘ WΦ ¢ƘƻǳƭŜǎǎ μ 5ŀǾƛŘ ²ƛƴŜƭŀƴŘ μ 5Ŝƴƴƛǎ 5ƛŜƪǎ μ 5ƛŜǘŜǊ ½ŜƘ μ 5ƛǊƪ .ƻǳǿƳŜŜǎǘŜǊ μ 5ƻƴ /ƻǇπ
ǇŜǊǎƳƛǘƘ μ 5ƻƴ aƛǎŜƴŜǊ μ 5ƻƴƴŀ {ǘǊƛŎƪƭŀƴŘ μ 5ƻǊƛǘ !ƘŀǊƻƴƻǾ μ 5ƻǳƎƭŀǎ WŀƳŜǎ {ŎŀƭŀǇƛƴƻ μ 9ŀǊƭŜ IŜǎǎŜ YŜƴƴŀǊŘ μ 9Ř {ǇŜǊƭƛƴƎ μ 
9ŘǿŀǊŘ CŀǊƘƛ μ 9ŘǿŀǊŘ CǊŜŘƪƛƴ μ 9ŘǿŀǊŘ ¢ŀƴƎ μ 9ƭŜƴŀ /ŀƭǳŘŜ μ 9ƭŜƴƛ 5ƛŀƳŀƴǝ μ 9ƭƘŀƳ YŀǎƘŜŬ μ 9ƭƛǎŀōŜǘƘ DƛŀŎƻōƛƴƻ μ 9ƭǾƛǊŀ 
{ƘƛǎƘŜƴƛƴŀ μ 9ƳŀƴǳŜƭ Yƴƛƭƭ μ 9ƳƳȅ bƻŜǘƘŜǊ μ 9ƴǊƛŎƻ CŜǊƳƛ μ 9ǊƛŎ /ƻǊƴŜƭƭ μ 9ǊƴŜǎǘ wǳǘƘŜǊŦƻǊŘ μ 9Ǌƴǎǘ LǎƛƴƎ μ 9Ǌǿƛƴ {ŎƘǊǀŘƛƴƎŜǊ μ 
9ǝŜƴƴŜ YƭŜƛƴ μ 9ǧƻǊŜ aŀƧƻǊŀƴŀ μ 9ǿƛƴ ¢ŀƴƎ μ Cŀōƛƻ {ŎƛŀǊǊƛƴƻ μ CŀȅŜ ²ŀǧƭŜǘƻƴ μ CŜƭƛȄ .ƭƻŎƘ μ CǊŀƴŎŜǎŎŀ CŜǊƭŀƛƴƻ μ CǊŀƴŎƪ .ŀƭŜǎǘǊƻ 
μ CǊŀƴƪ ²ƛƭŎȊŜƪ μ CǊŀƴœƻƛǎ [Ŝ Dŀƭƭ μ CǊŞŘŞǊƛŎ DǊƻǎǎƘŀƴǎ μ CǊŞŘŞǊƛŎ aŀƎƴƛŜȊ μ CǊŜŜƳŀƴ WƻƘƴ 5ȅǎƻƴ μ CǊƛŜŘǊƛŎƘ IǳƴŘ μ CǊƛŜŘǊƛŎƘ 
tŀǎŎƘŜƴ μ DŜƻǊŘƛŜ wƻǎŜ μ DŜƻǊƎŜ ¦ƘƭŜƴōŜŎƪ μ DŜƻǊƎŜǎ tŀƎŜǘ ¢ƘƻƳǎƻƴ μ DŜƻǊƎŜǎ ½ǿŜƛƎ μ DŜƻǊƎŜǎπhƭƛǾƛŜǊ wŜȅƳƻƴŘ μ DŜǊŀǊŘ 
aƛƭōǳǊƴ μ DŜǊǊƛǘ Wŀƴ CƭƛƳ μ Dƛƭ Yŀƭŀƛ μ DƛƭƭŜǎ .ǊŀǎǎŀǊŘ μ DƛƭƭŜǎ Iƻƭǎǘ μ DƛƻǊƎƛƻ CǊƻǎǎŀǝ μ DƻǊŘƻƴ .ŀȅƳ μ DƻǊŘƻƴ DƻǳƭŘ μ DǳŀƴƎπ/ŀƴ 
Dǳƻ μ IŀƛƎ CŀǊǊƛǎ μ Iŀƴǎ !ƭōǊŜŎƘǘ .ŜǘƘŜ μ Iŀƴǎ WǸǊƎŜƴ .ǊƛŜƎŜƭ μ IŀƴǘŀǊƻ bŀƎŀƻƪŀ μ IŀǊŀƭŘ CǊƛǘȊǎŎƘ μ IŀǊǘƳǳǘ bŜǾŜƴ μ IŜƛƪŜ 
YŀƳŜǊƭƛƴƎƘ hƴƴŜǎ μ IŜƛƴǊƛŎƘ IŜǊǘȊ μ IŞƭŝƴŜ .ƻǳŎƘƛŀǘ μ IŞƭŝƴŜ tŜǊǊƛƴ μ IŜƴŘǊƛƪ !ƴǘƘƻƴȅ YǊŀƳŜǊǎ μ IŜƴŘǊƛƪ /ŀǎƛƳƛǊ μ IŜƴŘǊƛƪ 
[ƻǊŜƴǘȊ μ IŜƴǊƛ tƻƛƴŎŀǊŞ μ IŜǊƳŀƴƴ aƛƴƪƻǿǎƪƛ μ IŜǊƳŀƴƴ ²Ŝȅƭ μ IǳƎƘ 9ǾŜǊŜǧ μ Iǳƛ YƘƻƻƴ bƎ μ Lƭŀƴŀ ²ƛǎōȅ μ Lƭȅŀ aƛƪƘŀƛƭƻǾƛŎƘ 

μ [ƛŦǎƘƛǘȊ  μ LƳƳŀƴǳŜƭ .ƭƻŎƘ μ LƷƛƎƻ !ǊǘǳƴŘƻ μ LƻǊŘŀƴƛǎ YŜǊŜƴƛŘƛǎ μ LǊŦŀƴ {ƛŘŘƛǉƛ μ LǎŀŀŎ /ƘǳŀƴƎ μ LǎŀŀŎ bŜǿǘƻƴ μ LǘŀƳŀǊ {ƛǾŀƴ 
WŀŎǉǳŜƭƛƴŜ .ƭƻŎƘ μ WŀŎǉǳŜǎ {ŀƭƻƳƻƴ IŀŘŀƳŀǊŘ μ WŀŎǉǳƛƭƛƴŜ wƻƳŜǊƻ μ WŀƳŜǎ /ƘŀŘǿƛŎƪ μ WŀƳŜǎ /ƭŀǊƪŜμ WŀƳŜǎ /ƭŜǊƪ aŀȄǿŜƭƭ μ 

aƛŎƘŜƭ πCǊŀƴœƻƛǎ wƻŎƘ μ WŜŀƴπWŀƳŜǎ tŀǊƪ μ WŀǊŜŘ /ƻƭŜ μ Wŀǎƻƴ !ƭƛŎŜŀ μ Wŀȅ DŀƳōŜǧŀ μ WŜŀƴ 5ŀƭƛōŀǊŘ μ WŜŀƴ aƛŎƘŜƭ wŀƛƳƻƴŘ μ WŜŀƴ
²Ŝƛ tŀƴ μ WŜƭŜƴŀ ±ǳőƪƻǾƛŏ μ WŜƭŜƴŀ ±ǳŎƻƪƛŎ μ WŜǊŜƳȅ hϥ.ǊƛŜƴ μ WƻŀƴƴŜǎ Ǿŀƴ ŘŜǊ ²ŀŀƭǎ μ WƻŜ πtƘƛƭƛǇ tƛǉǳŜƳŀƭ μ WƛŀƴπDŞǊŀǊŘ μ WŜŀƴ

hΩDƻǊƳŀƴ μ WƻƘŀƴƴ .ŀƭƳŜǊ μ WƻƘŀƴƴŜǎ tƻƭƭŀƴŜƴ μ WƻƘŀƴƴŜǎ wȅŘōŜǊƎ μ WƻƘƴ .ŀǊŘŜŜƴ μ WƻƘƴ /ƭŀǳǎŜǊ μ WƻƘƴ CǊŀƴƪ !ƭƭŜƴ μ WƻƘƴ 
ŜǿŀǊǘ Iŀƭƭ μ WƻƘƴ [ŜǾȅ μ WƻƘƴ aŀǊǝƴƛǎ μ WƻƘƴ aƻǊǘƻƴ μ WƻƘƴ tǊŜǎƪƛƭƭ μ WƻƘƴ wƻōŜǊǘ {ŎƘǊƛŜũŜǊ μ WƻƘƴ wƻǿŜƭƭ μ WƻƘƴ {Ƴƻƭƛƴ μ WƻƘƴ {ǘ

.Ŝƭƭ μ WƻƘƴ ±ƻƴ bŜǳƳŀƴƴ μ WƻƘƴ ²ŀǘǊƻǳǎ μ WƻƘƴ ²ƘŜŜƭŜǊ μ WƻƴŀǘƘŀƴ 5ƻǿƭƛƴƎ μ WƻƴŀǘƘŀƴ YƻƻƳŜȅ μ WƻƴŀǘƘŀƴ tΦ IƻƳŜ μ WƻǎŞ 
/ŀǇƳŀƴȅ μ WƻǎŞ 5ŀǾƛŘ 5ƻƳŜƴŜŎƘ μ WƻǎŜ LƎƴŀŎƛƻ [ŀǘƻǊǊŜ μ WƻǎŜǇƘ WƻƘƴ IƻǇŬŜƭŘ μ WƻǎŜǇƘ WƻƘƴ ¢ƘƻƳǎƻƴ μ WƻǎƘ bǳƴƴ μ Wǳŀƴ 

 LƎƴŀŎƛƻ /ƛǊŀŎ μ Wǳƭƛŀ YŜƳǇŜ μ Wǳƭƛŀƴ {ŎƘǿƛƴƎŜǊ μ WǳƭƛŜƴ .ƻōǊƻũ μ WǸǊƎŜƴ aƭȅƴŜƪ μ YŜƴƴŜǘƘ !ǇǇŜƭ μ YŜƴƴŜǘƘ wŜƎŀƴ μ YŜǾƛƴ ¸ƻǳƴƎ
Ǌƛƭƭƻǳƛƴ μ YƛǊƛƭƭ ¢ƻƭǇȅƎƻ μ YƻƘŜƛ LǘƻƘ μ YǊƛǎǘŜƭ aƛŎƘƛŜƭǎŜƴ μ YǊȅǎǘŀ {ǾƻǊŜ μ Yǳƴ IǳŀƴƎ μ YǳǊǘ DǀŘŜƭ μ [Ŝ {ƛ 5ŀƴƎ μ [ŜŜ {Ƴƻƭƛƴ μ [Şƻƴ .

μ [Ŝƻƴ bŜƛƭ /ƻƻǇŜǊ μ [ŜƻƴŀǊŘ !ŘƭŜƳŀƴ μ [ŜǎǘŜǊ DŜǊƳŜǊ μ [ŜǾ .ƛǎƘƻǇ μ [ŜǾ [ŀƴŘŀǳ μ [ƛŜǾŜƴ ±ŀƴŘŜǊǎȅǇŜƴ μ [ƛƴǳǎ tŀǳƭƛƴƎ μ 
ƴ [ƭŜǿŜƭƭȅƴ ¢ƘƻƳŀǎ μ [ƻƠŎ IŜƴǊƛŜǘ μ [ƻǳƛǎ /ŀǳŎƘȅ μ [ƻǳƛǎ ŘŜ .ǊƻƎƭƛŜ μ [ƻǾ DǊƻǾŜǊ μ [ǳ WŜǳ {ƘŀƳ μ [ǳŎƛŜƴ IŀǊŘȅ μ [ǳŘǿƛƎ .ƻƭǘȊƳŀƴ

!ƴƴŜ .ƻǳŎƘƛŀǘ μ aŀǊƛƴŀ IǳŜǊǘŀ μ πμ [ǳƛƎƛ CǊǳƴȊƛƻ μ aŀƎŘŀƭŜƴŀ IŀǳǎŜǊ μ aŀǊŎǳǎ 5ƻƘŜǊǘȅ μ aŀǊŎǳǎ IǳōŜǊ μ aŀǊƛŀ {ŎƘǳƭŘ μ aŀǊƛŜ
aŀǊǝƴ YŀǊǇƭǳǎ μ aŀǎŀƘƛŘŜ {ŀǎŀƪƛ μ aŀǎŀƘƛǊƻ YƛǘŀƎŀǿŀ μ aŀǎŀƘƛǘƻ IŀȅŀǎƘƛ μ aŀǘƘƛŜǳ aǳƴǎŎƘ μ aŀǧƘŜǿ IǳǘŎƘƛƴƎǎ μ aŀǧƘƛŀǎ 
¢ǊƻȅŜǊ μ aŀǧƘƛŜǳ 5ŜǎƧŀǊŘƛƴǎ μ aŀǳŘ ±ƛƴŜǘ μ aŀȄ .ƻǊƴ μ aŀȄ tƭŀƴŎƪ μ aŀȄƛƳŜ wƛŎƘŀǊŘ μ aŀȊȅŀǊ aƛǊǊŀƘƛƳƛ μ aŜƴƴƻ ±ŜǊŘƘƻǊǎǘ 

hǊ μ aƛŎƘŀŜƭ CǊŀƴƪ μ aƛŎƘŀŜƭ CǊŜŜŘƳŀƴ μ aƛŎƘŀŜƭ IƻǊƴŜ μ aƛŎƘŀŜƭ [ŜǾƛǧ μ aƛŎƘŀŜƭ bƛŜƭǎŜƴ μ aƛŎƘŜƭ .ǊǳƴŜ μ πμ aƛŎƘŀŜƭ .Ŝƴ
aŀƴƴ μ bŀǘƘŀƴ DŜƳŜƭƪŜ μ πaƛŎƘŜƭ 5ŜǾƻǊŜǘ μ aƛŎƘŜƭƭŜ {ƛƳƳƻƴǎ μ aƛƪƘŀƛƭ 5ȅŀƪƻƴƻǾ μ aƛƪƘŀƛƭ [ǳƪƛƴ μ aƛƻ aǳǊŀƻ μ aǳǊǊŀȅ DŜƭƭ

ƪ bŀǘƘŀƴ wƻǎŜƴ μ bŀǘƘŀƴŀšƭ /ƻǧŜǘ μ bƛŎŎƻƭƻ {ƻƳŀǎŎƘƛ μ bƛŎƪ CŀǊƛƴŀ μ bƛŎƻƭŀǎ DŀǳŘŜ μ bƛŎƻƭŀǎ Dƛǎƛƴ μ bƛŎƻƭŀǎ wƻŎƘ μ bƛŜƭǎ IŜƴǊƛ
!ōŜƭ μ bƛƪƻƭŀȅ .ŀǎƻǾ μ bƛǊ aƛƴŜǊōƛ μ bƻōǳȅǳƪƛ LƳƻǘƻ μ hƭŜƎ aǳƪƘŀƴƻǾ μ hƭƛǾƛŜǊ /ŀǊƴŀƭ μ hǎƪŀǊ tŀƛƴǘŜǊ μ tŀǎŎŀƭŜ {ŜƴŜƭƭŀǊǘ μ 

 tŀǎŎǳŀƭ WƻǊŘŀƴ μ tŀǎŎǳŀƭ aǳƷƻȊ μ tŀǘǊƛŎŜ .ŜǊǘŜǘ μ tŀǧȅ [ŜŜ μ tŀǳƭ .Ŝƴƛƻũ μ tŀǳƭ 5ƛǊŀŎ μ tŀǳƭ IƛǊƛŀǊǘ μ tŜǊƻƭŀ aƛƭƳŀƴ μ tŜǘŜ
ǇŜ {ƘŀŘōƻƭǘ μ tŜǘŜǊ IƛƎƎǎ μ tŜǘŜǊ YƴƛƎƘǘ μ tŜǘŜǊ [ŜŜƪ μ tŜǘŜǊ {ƘƻǊ μ tŜǘŜǊ ½ƻƭƭŜǊ μ tƘƛƭƛǇ ²Φ !ƴŘŜǊǎƻƴ μ tƘƛƭƛǇǇ [ŜƴŀǊŘ μ tƘƛƭƛǇ
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Foreword 

Quantum technologies hold the promise of major disruptions in computing, communications and 

sensing. These last 12 months have been marked by major scientific advancements, including the 

demonstration of better logical qubits with several modalities (cold atoms, trapped ions, supercon-

ducting), paving the road towards fault-tolerant quantum computing, the holy grail of the field. Sci-

entific and technological challenges to manufacturing, scaling and deployment are still enormous, 

and it is quite difficult for public decision makers, users, investors, professionals, and the public at 

large to understand them and anticipate when these will happen. This is of paramount importance for 

companies to stay competitive, for governments to position their country in this technology race, or 

for students to make decisions about their career. While some quantum devices are already in use 

with practical impact, e.g., sophisticated microscopes taking benefit of the exquisite sensitivity of the 

spin of point defects in diamonds, other technologies will take years to reach the markets. 

But the situation is changing fast and the evolutions that come with each new edition of Olivier Ez-

rattyôs magnum opus make me realize each year that the quantum revolution is happening at a faster 

rate than anybody could have anticipated. To make proper assessments and keep control of the quan-

tum narrative, we need deep experts such as Olivier who have a proper understanding of all the facets 

of the technology, from the fundamentals of the science to its applications, including questions about 

their deployment, their funding, how to teach them, and more. Olivier shares knowledge about these 

many topics with an amazing level of detail. He also takes the time to explain how research works 

for newcomers, how scientific papers are being crafted, published and can be analyzed. 

I am deeply convinced that there is a need for a multidisciplinary collaboration involving scientists, 

and not only physicists, engineers and users capable of taking a forward-looking posture. The book 

ñUnderstanding Quantum Technologiesò creates this bridge between all dimensions, particularly be-

tween software and hardware, between the classical and quantum computing worlds, all the more 

important at a time when AI computing plays an ever bigger role. 

I first met Olivier when I started Quantonation back in 2018. From the start, I was impressed by his 

extremely methodical approach that he had applied with success in an earlier book on artificial intel-

ligence, and his very unique ambition and his willingness to share what he learns on the fly. The book 

was first published in French, later in English, and it grew with the field he was ñdecodingò, to reuse 

the title of Olivierôs famous podcast with Fanny Bouton on quantum technologies. The book has 

gotten only better with time, with thorough updates and additional chapters added every year on ex-

citing topics.  

In particular, as an investor scouting in permanence for the best startups worldwide, I appreciate a lot 

the part of the book on ecosystems with two specific perspectives. First, it values Europeôs role be-

yond the traditional USA and China presentation, with about 100 pages describing the quantum eco-

systems and initiatives of 41 countries over all continents. Second, it provides an inventory of the 

product ranges and technologies from over 750 companies from around the world, including enabling 

technology vendors. This is extremely useful information, showing clearly the amazing dynamic of 

the whole sector and the beginning of market recognition, for a sector which impact is slowly being 

assessed properly.  

At Quantonation, we are making investments since 2018 and have funded 32 companies in Quantum 

Tech and Deep Physics, and our vision of a future powered by Quantum Technologies is consolidated 

every day. Olivier Ezrattyôs book is an indispensable instrument to read how the quantum revolution 

is happening and how it will impact our world. 

Christophe Jurczak, Partner at Quantonation, Paris and cofounder, Le Lab Quantique  
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Why 

Welcome to the 7th edition of ñUnderstanding Quantum Technologiesò, a unique book for multiple 

reasons! Its history, its content, its density, and its purpose. The first edition was a compilation of a 

series of 18 posts published in French between June and September 2018. After two enriched editions 

in French in 2019 and 2020, I switched to English in the fourth edition in September 2021, the fifth 

in September 2022, the sixth edition in September 2023 and this 7th in September 2024. 

This book is a kaleidoscope for quantum technologies with a 360Á perspective encompassing histor-

ical, scientific, technological, engineering, entrepreneurial, geopolitical, philosophical, and societal 

dimensions. It is not a quantum for dummies, babies, or your mother-in-law book. It mainly targets 

information technologies (IT) specialists and engineers who want to understand what quantum phys-

ics and technologies are about and decipher its ambient buzz, all participants to the quantum ecosys-

tem from researchers to industry vendors and policy makers, and at last students who would like to 

investigate quantum technologies as an exploratory field. 

This book is also a very large review paper with 

over 5,528 bibliographical references totaling 

163,680 pages and 216 presentations containing 

10,036 slides, all in 6,667 footnotes. The book 

bears a lot of specificities compared to the existing 

quantum literature. While being rather technical in 

many parts, it tries to explain things and translate 

the complex quantum lingua in other techôs lingua, 

particularly for IT and computer science profes-

sionals. It looks at the history of quantum science 

and ideas and pays tribute to key people, from the 

past and the present. 

 
Figure 1: ά¢ƘŜ hƭƛǾŜǊ ¢ȅǇŜǿǊƛǘŜǊέΣ ¦{! (1895-2928). Photo by 

Olivier Ezratty, National Museum of Scotland, Edinburgh.  
Added in August 2024. 

It investigates rarely covered aspects of quantum technologies and quantum engineering like various 

enabling technologies (cryogenics, electronics, materials design, semiconductors, cabling and lasers, 

manufacturing technique), their energetic dimension, what raw materials are used and where they 

come from and quantum matter. I even explain how research works in general and in the quantum 

realm and its various codes and practices. The book can also be viewed as an integrated collection of 

several books, which also covers quantum sensing, telecommunications, and cryptography. I also 

created many precisely crafted custom illustrations that I use in my teachings and training. In a way, 

it showcases how quantum engineering could be viewed as a discipline. 

Another differentiation is in the tone, relaxed when possible and calling out the nonsense when nec-

essary. It is abundant, particularly when some analysts and vendors are fueling the quantum hype. As 

quantum technologies are more commonplace, these are still largely misunderstood by general audi-

ences as well as by many IT professionals, and by many people writing about it. One striking example 

shows up when some folks explain that thanks to quantum cryptography, quantum computers will 

help make cryptography more secure! While it is currently false, it may become true someday. 

Governmentsô technology ambitions and industry vendors have elevated quantum technologies to the 

rank of strategic sectors in many developed countries, on par with artificial intelligence. Most gov-

ernments have launched their national quantum plans, starting with Singapore, the UK, China, USA, 

Germany, Japan, Australia, France, Russia, Israel, Taiwan, India and the Netherlands. The worldwide 

quantum technologies race is on. Countries are embattled to acquire or preserve their technological 

sovereignty, like if it was the last chance to achieve it, particularly for those countries who felt they 

lost the digital battle against the USA and Asia (mostly China, South Korea and Taiwan). 



Understanding Quantum Technologies 2024 - Why / A complex domain in search of pedagogy - 2 

Also, like many deep techs, quantum technologies are dual-use ones, with both civilian and military 

use cases, increasing the strategic stakes. 

While it has not yet reached the volume and funding of other sectors such as artificial intelligence or 

the digital cloud, the quantum startup and small business ecosystem continues to expand worldwide. 

In this book edition, I mention about 750 such companies in many different categories (hardware, 

software, telecommunications, cryptography, sensing, enabling technologies, services), +100 vs 2023. 

In most cases, hardware is in the deep tech realm if not in hard tech territory, with many still at an 

applied research stage with a rather low technology readiness level. Being still very uncertain, this 

market remains quite open to opportunities for scientists and creative innovators. 

Quantum technologies are also surrounded by a fair share of hype. A few scientists, their laboratoryôs 

communication department, startups and large vendors frequently exaggerate the impact of their work. 

The hype shows up when analysts are pretending that quantum computing is ready for business, mis-

leading customers about the maturity of the technology. There are also false science-based quantum 

medicine and other charlatanism, which I showcase in a unique section dedicated to quantum hoaxes 

and scams, starting page 1440. 

This book has another special flavor. It is the result of an unprecedented human adventure at the heart 

of the quantum ecosystem. I started the journey back in 2016. I had then decided to select the theme 

of quantum computing for my usual techno-screening activities, ranging from preparing conferences 

and training to writing educational ebooks for professionals. With my friend Fanny Bouton, we 

started with playing a popularization conference on quantum computing in Nantes, Le quantique, 

c'est fantastique on June 14th, 2018 (video) and to numerous subsequent presentations. She brought 

and still brings a different perspective, including some science fiction derived inspirations. We also 

launched two series of podcasts (mostly in French) covering quantum tech news and sharing discus-

sion with researchers, entrepreneurs, investors and users. We also worked on gender balance and 

contributed as early as possible to this sector feminization and attract new talents. Fanny took an 

interesting turn in 2020, starting to work on OVHcloudôs startup program. She was instrumental in 

embarking this European cloud vendor in the quantum adventure and is their quantum lead since 2022. 

She was even behind the first acquisition of a quantum computer, from Quandela, by an industry 

player in Europe. We both went from an observer role to a very active one. 

In this journey that is still going on, we had the opportunity to meet with top researchers and entre-

preneurs, first in France, and then internationally. This list keeps growing. I thank them all in the 

conclusion of this book. In short, during these years, we have been "embedded" in the scientific and 

entrepreneurial ecosystem. We also applied one of Heisenberg's principles derivatives, namely that a 

measurement device may influence the measured quantity. It was and remains a beautiful adventure 

with real people, passions, convictions, ups and downs, and in the end, a nice result with French and 

European research and entrepreneurship in quantum technologies that are more dynamic and better 

positioned than a few years ago. 

How can this book be free? What is its underlying business model? Are you the product like with free 

Internet services? I have published all my books like this since 2006 on entrepreneurship, artificial 

intelligence and other technology and science related topics, and have fared well since then. I favor 

distribution breadth over direct revenue. It makes knowledge easily accessible to broad audiences, 

particularly with students. Thanks to a digital format distribution, I correct and update my books on 

a regular basis, Figure 1 being a metaphor. It is quite practical since I mention hundreds of people 

and organizations, and deal with complicated scientific matters. Afterwards, I sell my time in a rather 

traditional way with speaking, training, expertise, and consulting missions. The business model is 

simple: the (very) long version is free and the (too) short versions are charged. Since the people who 

donôt have time usually have money and the other way around, it works quite well even if it may be 

counterintuitive in the first place. In the end, my pride is to meet young professionals in the quantum 

ecosystem who thank me for the book, which contributed to them landing in quantum. 

https://www.youtube.com/watch?v=jodfhQOvwww
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A complex domain in search of pedagogy 

After having swept through many areas of science and deep techs, I can definitively position quantum 

physics and quantum computing at the complexity scale apex. Quantum physics is difficult to appre-

hend since relying on counter-intuitive phenomena like wave-particle duality and entanglement, and 

on a mathematical formalism that is not obvious to most people, particularly with most IT specialists 

and developers, one of the key audiences for this book. It is still an open challenge to first understand, 

then translate this scientific field lingua into natural language for most people, even with a strong 

engineering background. And you know, I also donôt have a PhD in quantum physics (private joke)! 

You probably heard about the rehashed quote from Richard Feynman who pointed out that when 

you study quantum physics, if you think you understood everything, you are making a fool of yourself. 

Alain Aspect expressed doubts about his own physical understanding of quantum entanglement and 

nonlocality that he experimented in his famous 1982 experiment which led him to be awarded the 

Nobel prize in physics in 2022. 

Explaining quantum technologies is thus a new and difficult art, but not an impossible one1. At least, 

it is a very diverse one with many different approaches. When reading quantum physics books, you 

discover a mathematical formalism and many terms like observables, degeneracy, gentle measure-

ment, unitary and projector, operators and the likes and wonder how they relate to the physical world. 

Sometimes, it takes quite a while before being able to make the connection, whenever possible! On 

the other hand, you hear simplistic descriptions of quantum physics, noticeably on superposition and 

entanglement, and quantum computing, some coming from quantum computing vendors themselves2. 

And you have the infamous dead and alive cat that I view as the best fake news in quantum physics. 

Once you think you understand it after having created a mental view of how it works, your explana-

tions become quickly inaccessible for the profane. How do you avoid this side effect? Probably by 

finding analogies and using more visual tools to explain things than too much mathematics. I test this 

approach in many sections of this book, but, still, mathematics are useful in many parts. Also, to make 

sure it does not lose its scientific soundness in the process, many parts of this book have been fact-

checked and proof-read by quantum scientists. I would say, still not enough. Youôll be the judge. 

But you know what? Some parts in this document contain stuff that I write but do not understand well. 

Or sometimes, I understand it well but when I review it later, my understanding is gone (like for the 

topics on the right of the complexity scale in Figure 2). Quantum scientists sometimes feel the same. 

This book frequently responds to questions like what, why, where and how? Has Mooreôs empirical 

law really stalled (page 11)? What being ñquantumò mean for a product or technology (page 7)? Do 

we really have objects sitting simultaneously at two different locations (page 124)? Why parallel 

opposite vectors in the Bloch sphere representing a qubit state are mathematically orthogonal (page 

208)? Why and where density matrices are useful (page 196)? What are pure and mixed states de-

scribing in the physical world (page 193)? Why superposition and entanglement are the two sides of 

the same coin (page 125)? Why do we need to cool many qubit systems at very low temperatures 

(page 393)? How are cryostats operating (page 645)? What is the energy consumption of a quantum 

computer (page 319)? How much data sits in a quantum register (page 213)? How is data loaded in a 

quantum program (page 810)? What data is generated by quantum algorithms and how is it decoded 

(page 815)? Are quantum computers made for big data applications (no, page 810)? How can you 

compare such and such quantum computer technology and qubit type (page 355)? What is your pre-

ferred one (none)? Which one can scale best (all have limitations)? Can NISQ bring some commercial 

value (not yet, page 867)? 

 
1 A Short Guide to Quantum Mechanics -- Some Basic Principles by Joachim Stolze, Technische Universitat Dortmund, arXiv, August 

2024 (155 pages) is a good example of a good overview of the basics of quantum physics in a very understandable way. 

2 See the interesting point in What Makes Quantum Computing So Hard to Explain? by Scott Aaronson, June 2021. 

https://arxiv.org/abs/2408.08324
https://www.quantamagazine.org/why-is-quantum-computing-so-hard-to-explain-20210608/
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Can analog quantum computing compete with gate-based models (yes, page 889)? Is the Shor integer 

factoring algorithm a serious threat for your cybersecurity (in the very long term, page 1128)? When 

will we have a ñrealò quantum computer (page 296)? Will quantum computers save the world 

(healthcare, climate change, é) (no)? Have we really achieved quantum supremacy (page 993)? 

What is the difference between quantum supremacy, advantage and utility (page 993)? 

And on and oné What is the real speedup of quantum algorithms (it depends on a lot of factors, page 

911)? How to analyze a quantum computing case study (page 1001)? Are there quantum computing 

case studies in production (not that I know)? Will a quantum Internet replace the existing Internet (no, 

page 1191)? Can quantum telecommunications enable either faster than light communications or 

high-throughput data links (no, page 125)? How are classical computing technologies competing with 

quantum computers (page 355)? Why are some quantum random number generators not that random 

(page 1140)? Why can entanglement improve quantum sensors precision (page 1240)? Is China going 

to kill us (metaphorically) with their (not so) huge R&D investments in quantum technologies (no, 

page 1380)? Have they really invested $15B in quantum technologies? (no, page 1380). 

Can Europe take its fair share in this new market (undecided, page 1290)? Oh, and if Iôm in an or-

ganization... what should I do (page 797)? Am I late in the game when doing nothing? Should I stay 

or should I go? Why are some people overselling the capabilities of quantum computers (page 1008)? 

Will governments build dangerous weapons with quantum technologies (not really, page 1076)? 

 
Figure 2: a scale of complexity in quantum physics and technologies, from the easy (left) to the very difficult (right), at least, as far as I am 

concerned. I could have added qRAM here but there was not enough room in the chart! (cc) Olivier Ezratty, 2023-September 2024. 

So, you may understand why I am kind of annoyed when I am invited to present the whole field of 

quantum technologies in a half an hour session! 

A new technology wave 

Quantum computing stays on top of the various applications of the second quantum revolution. Quan-

tum sensing is more exotic and fragmented, and quantum telecommunications and cryptography are 

less fascinating. Why is quantum computing becoming an important topic? Firstly, because large IT 

companies such as IBM, Google, Intel and Microsoft are making headlines with impressive an-

nouncements that we must, however, take with a grain of salt, with a lot of hindsight, and decipher 

calmly. Thereôs also the obvious impact of Peter Shorôs factoring algorithm. It drives fuzzy and Iôd 

say unfounded fears on the future of Internet security and for your own digital privacy. 

1 2 3 4 5 6 7

i = 

x 

z

ʻ
ȿɰἃ

ȿρἃ

ȿπἃ

SU(2n) ςspace of unitaries on n qubits

SU(2) ςspace of unitaries on one qubit

multi-qubits gates

SWAPCNOT C2NOT
Toffoli

Fredkin
conditional SWAP

X

Y

Z

X rotation

Z rotation

Y rotation 

Pauli gates

Pauli group

Pauli gates combinations 
with ±1 and ±i

Clifford group

other rotations with n>2

(cc) Olivier Ezratty, 2021

R
control ̄  and ̄ κн

Rn

other one-qubit gates

H
Hadamard

TS

Rn

other
rotations 
thanˉ

and ̄ /2

/̄4/̄2

all linear combinations of Pauli gates

LOI Q

Ғ п Y

Ғ рл Y

Ғ олл Y

Z
 g

a
te

X
Y

 g
a

te
s

DAC DAC

AWG AWG
R

e
a

d
o

u
t

I

A
D

C

QLO

HEMT
+40 dB

analog amp
+ 50dB

DAC

AWG

DAC

AWG

A
D

C

Q I

12 to 16 bits 
encoding

14 Gbits/s

10 to 
40 ˃ W

Ғм ²

cooling 
budget

detect microwave 
phase shift

flux bias
DC current

qubit circuit 
and resonator

LO

Ғ мр ƳY

Ғ улл ƳY

paramp 
pump

Ғ -15-20 dB

Ғ -20 dB

Ғ -10-16 dB

paramp
JPA/TWPA

+15 dB

FPGA or ASIC

DAC

AWG

problemsizing

resourceestimates

quantum advantagenature

classicalcomparison

algorithm advancement

criteria

small scale 
case study

qubit # and fidelities in case 
and with real business need

speedup

honest comparison with best-in-class classical 
algorithms and hardware, incl. quantum inspired

something new in the case study vs state of the art 
which turns other flags in green

possible values

case study with real-life 
size business needs

result 
quality

TCO
energy 

footprint
other

time 
estimates

classical 
resources

quantum computer type
quantum 
inspired

present 
analog

future 
NISQ

present 
NISQ

future 
analog

FTQC

tested with 
<30 qubits

no 
comparison

indication of real-
life use case sizing

no

nothing 
new

documentation
press release or 
vendor web site

peer reviewed 
journal paper

arXiv preprint

qubit basics

enablingtechnologies

use cases assessments

atomicenergytransitions

SchrodingerΩsequation

quantum algorithms error correction

linear algebra complexitytheories

measurementbased
quantum computingΧ 
and its error correction 

codes

photonicsand non 
gaussianstates

code-based cryptography

m

1

k

non 
Singular 
matrix

k

Generator 
matrix 

/ Goppa code

n

Permutation 
Matrix

n

x

x

E Ґ {xGxP

t errors

=

public key
= SGP + t

private key
= (S, G, P)

E

ƳΩ

n

ǊŀƴŘƻƳ ǾŜŎǘƻǊ Ȋ ǿƛǘƘ ǘ ΨмΩ

c = crypted message

x

x

+

=

emission

inverse of 
Permutation 

Matrix

x

inverse of 
non 

Singular 
matrix

Generator 
matrix 

/ Goppa code

m

1

k

reception

x

x =

encrypt 
message m
of length k 
in binary

integer

(c
c
) 

O
liv

ie
r 

E
z
ra

tt
y,

 A
p
ri
l 
2
0
2
1

receive 
message m
of length k 
in binary

1 ƳŜǎǎŀƎŜ ŜƴŎƻŘŜŘ ōȅ E

message transmitted

these three matrices 
ƳǳƭǘƛǇƭƛŎŀǘƛƻƴǎ ŎŀƴΩǘ 
be done by somebody 
using the Goppa code 
ƛƴ ƳŀǘǊƛȄ E

n random bits containing 
t bits of value 1

transmission line

Bell inequalitiesand tests
post-quantum 
cryptography














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































