Lesson 1.6 — Derivatives & Integrals: The Local and the Global
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1. Why This Matters (Hook)
Derivatives and integrals are not “calculus tricks.”
They are the two fundamental ways the universe relates the local to the global.

e Derivative — local generator of change

e Integral — accumulated effect of local contributions
Everything that evolves, flows, propagates, or accumulates is governed by these two operations.

They are not just inverses.
They are conceptual duals:

Derivative = how something changes right here.
Integral = what all those tiny changes create together.

Together they let you read the dynamics of any system.

2. The Core Intuition
2.1 Derivative: Extracting the Local Rule
When we differentiate a function f(z), we're answering:
“How does f respond to an infinitesimal change in input?”
This is the essence of:

e slopes
 tendencies
 velocities
e sensitivity
o gradients
e generators

e local linear approximation
The derivative extracts the generator — the rule of change that produces the curve.

It is the DNA of the function.



2.2 Integral: Accumulating Local Effects
Integration asks:

“If T add up all infinitesimal contributions, what is the total effect?”
This covers:

e area
o accumulated change
e total probability

e expectation values
e energy

o work

e probability mass

e signal power

e density — quantity

Integration is the total impact of local behavior.

3. Derivative: Deep Meaning
3.1 The derivative is a local linearization

Near any point:

flz+e) = f(a) + f()e.
The derivative is the best linear predictor of the function nearby.

3.2 The derivative is a generator

In physics:

d i
) =~ H|y)
means:

The Hamiltonian H generates how the state changes.

In classical systems:

dzx
dt

velocity generates position.



In machine learning:

VoL
the gradient generates parameter updates.
3.3 The derivative is a sensitivity measure
If:
dE
— =0.01
do
then energy barely responds to parameter changes.
If:
dE
— =40
do

your cost landscape is explosive.

Derivatives measure how much output depends on input.

4. Integral: Deep Meaning

4.1 Integral = summing infinitely many infinitesimal effects

/f(w) dx

Each tiny piece of the domain contributes a tiny amount f(x) dz.
Add them all.

means:

4.2 The integral reveals totality from local structure

e Work = sum of infinitesimal force x displacement
e Probability = integral of density
e Area = sum of heights

o Expectation = weighted sum of values

4.3 Integration is reconstruction from derivative

If the derivative encodes “local rule,”
the integral rebuilds the global story from the rule.




5. Fundamental Theorem of Calculus (The Bridge)

The two operations are connected by:

& [ = s

and

b
/ f(2)dx = f(b) — f(a)

This is not magic.
It means:

Differentiation extracts the local behavior.
Integration recombines local behavior into global behavior.

They are opposites in concept and partners in structure.

6. Applications Across Domains
6.1 VQE (Quantum Optimization)

Cost function:

E(0) = (p(0)[H(0))

o Derivative:

dE e
a0 = sensitivity of energy to parameters
— the generator for optimization.

e Integral:
The expectation value is itself an integral over quantum probability density.

(H) = / o (o) H(z) dz.

6.2 Quantum Mechanics
Derivative:

e Schrodinger equation gives the local generator of time evolution.
Integral:

e Wavefunction normalization is an integral over all space.



6.3 Machine Learning
Derivative:

e Gradient is local sensitivity of loss to parameters.
Integral:

o Loss functions often integrate over data points (“sum of contributions”).

6.4 Physics
Derivative:

o velocity = dx/dt
o acceleration = dv/dt

e curvature = d%y/dx>
Integral:
o distance = [ v dt

e work = f F dx
o energy = [ density dV

6.5 Probability
Derivative:

o PDF = derivative of CDF.
Integral:

« total probability = [ p(x) dx

o expectation = [ x p(x) dx

7. Conceptual Drills
Answer in intuition-language.

1. What does a derivative extract?

2. What does an integral rebuild?

3. Why is the Schrédinger equation a derivative?

4. Why is an expectation value an integral?

5. Interpret
dy
— = ky.
at ~ Y

What is the derivative saying?
6. Interpret

/f(x) dx

without mentioning area.



8. Reflection

Choose one system you work with:

« wavefunction
e VQE cost
o gradient descent

e audio signal

probability distribution

e motion
Write 2-3 sentences explaining:

e what the derivative represents in that system
o what the integral represents

e how the two interact

The derivative is local truth.
The integral is global truth.

Mathematics, physics, optimization, and quantum mechanics all rotate around this duality.
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Concepts: gradient-descent, expectation-value, dynamical-systems, convergence
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